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THE DIFFUSION OF MAGNETIC FIELDS THROUGH CONDUCTORS AND
THE DSSIGK OF PULSED SOLEX0IDS

L. A. MacKenzie

{Prepared under Contract No. AF30(602)-3243 at the Electrical
Engineering Research Laboratory, CORNELL UNIVERSITY, Ithaca, New York.)
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ABSTRACT

The diffusic;n of time—varying magnetic fields through conductors
o is examined, and the quantitative results are applied to pulsed solgﬂoids
| to obtain tne axial magnetic fields produced by these devices. 3Based
- upon these results a design procsdure is established for simple pulsed
solenoids. 4 trial design and its experimental resulis are presented

for compariéon with the theory.
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I. INTRODUCTION

Experimental requirements for large magnetic fields impose major
difficulties which are increased if high precision or field-uﬁirormity
is required. Continuous magnetic fields on the order of 100,000 gauss
are conventionally produced by large, heavy field coils or by expensive
superconducting magnetic systems. Field coils present cooling problems,

and the working volume of superconducting magnets tends to be small and

relatively inaccessible. If the magnetic field is not required for  continuous

measurements, an attractive possibility is a pulsed solenoid. This device

has a ratio of total volume to working volume as desirable as the super-

conducting magnet, but the working volume can be large since elaborate

cooling is not required. In addition, a pulsed solenoid is readily designed

and inexpensively fabricated if extreme field uniformity is not required.
One disadvantage of a pulsed solenoid is that when metallic vessels are
placed within the field, because the magnetic field is time varying,
electric fields are induced that produce currents in the conductors.
These currents in turn produce a magnetic field opposing the original
field, which means the net magnetic field within a metallic vessel is
less than one would expect for a d-c¢ solenoid. These effects can be
described by a diffusion process of the magnetic field or in terms of

the "eddy currents® familiar in the electrical power field. This report
examines this reduction of the magnetic field within pulsed solenoids

and gives quantitative results useful tor designing them.
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II. THEOXY OF MAGNETIC FIZLD DIFFUSION

This section describes the diffusion of pulsed magnetic fields through
metallic vessels placed within a solenoid. In all cases, the soleroids

are idealized ones in which end effects are neglected; i.e., solenoids

are assumed to be infinitely long as are the metallic vessels, The object

is to determine the relationship between the thickness of the metallic

vessels and the resultant decrease of field within these vessels.

A. DIFFUSION EQUATION
The expressions governing magnetic field behavior may be found from

Maxwells curl equations:

chity

g'x

(o

1

=p i+ ope

o

SZx

(&=

ofrv
c+{d

. (2)

Consider linear, homogeneous, and isotropic media, where the conduction

current density is related to the electric field by Ohm's law,

T

=gk . (3)

Finally, consider metallic media where the conductivity is sufficiently
large that the diéplacement current can be neglected with respect to the
conduction current; i.e.,

¢ ,—Q-E-/ «1 . )
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With these assumptions, Equations (1), (2), and (3) may be combined to

give:

]

w

(5)

| L
]
(@]

[vz-w &

vhere the nomenclature indicaties that each of the field quantities satisfigs

E
L‘

Bouation (5) separatély. Equation (5) is recognized as the standard form
of a diffusion equation and will adequately describe the field behavior
within good conductors at least to millimeter- wavelengths..

The standa d wave equation is appropriate for the electric and magnetic
fields in regions outside of the conductors where the conductivity is zero.
Here, however, the discussion is limited to the case where operating
frecuencies are sufficiently low and physical spacings in the transverse
direction are sufficiently small that a finite velocity of propagation
need not be considered. Thus, for regions outside of condactors, the

following expressions apply:

Loe]

2

Y =0

E . (6)

All that remains is to solve Eaquations (5) and (6) subject to the
appropriate boundary and initial conditions of interest. Since this is
to apply to pulsed magnets, it is the transient phenomena rather than the
steady-~state phenomena that are of interest. With this application and

the fact that Equation (5) is a partial differential equation in time
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and space, the sclution of these expressions is mosi simply accomplished

by 2 Laplzce transform in time, thus let

g P Bat (7.3)

(s 0]

c= f ™ zat (7.b)
o
P .

i= / &Pt 5 at, (7.¢)
(o]

With the initial conditions ' .at 211 field cguantities are zero at and

before t = 0, the field equations reduce to

2 g
vV -wp =0 (8.a)

in conducting regions and

[VZ] - 0 (8.b)

in nonconducting regions.

B, SOLUTIONS FOR RECTANGULAR GEOMETRY

It is instructive to consider first a very simple geometry for the
pulsed solenoid configuration, s¢ that the mathematics is fairly simple.
Once the behavior in a simple system is understood, it is readily extended

to more complex (and more realistic) situations.
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The first stracture considersd is shown in Figure I. 24 rommgreiic

metal slab of thickness ZT is plzced midxay osiwecen iwo infiniie carrent

sheets lcocated as shewn.

The systen has mechaniczl symeiry zoboat x = 0

and is infirite ip exient in both the y znd z directiions. In t3ds systex

of rectangular co-ordinzaies, Zcuation {8) recomes

—5z1
& Tz
2 ey
dx -
| %
| .

‘ N
AT
2
dx
1%
KA
2
T2 =wo .

oy
= -sz
dx
dg
2= -
_2 poe,
dx

2.3)

(9.0}

(20)

each other by the following expressions:

(11.s)

(11.v)

o
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Figure 1. Schexaiic Siruciure of Sirple Pulsed Solenoid Systen in
Rectangular Co-ordinates.

The solutions cf Zguations (9) and {11) are easily found as follows
{the x, y, z subscripts ars now dropped, and the subscripts 1, 2 added to

denote cuantities in regions 1 and 2 shown in Figures 1):

for 0<x<Ts

jz (12-3)
€, = g eTx, B T (12.0)
By = - j;g (4 e'[’x - B 'Tx) ; (12.c)

-6-




for T<x< a:

=0 {13.2)
¢, =-pC +3 (13.9)
B, =C (213.c)

In Equaiiens (12) and (i3) the cnantities 3, B, C, D ars constznts of inte-
tion. These coasianis are found from ihe Doundary eonditions for the
contimuity of izngentizl fi=ld cozponenis across ine boundaries. ~Also,

fron szr=etry considerations it is clezr that

Calt
N
]
o

frox which 4 = - B. If we denote the izplace transforz of io(t) by jo(p),
then the discontinuity in magnstic field at x = 2 is related to the forcing

surrent as

=4 3 2

81 =p JO . (_._h'}
Finally, eoquating Ecuations (12¢) and (L3c) establishes the constants A
and B, so that the magnetic field within the conductor is given by

cosh ( Z x)
B, =i, cosh (TT) . (15)

The axial magnetic field as a function of time is given by the inverse

transform of Equation (15). A4 general solution could be obtained if the

o —
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inzerse transform is denoted by gz(3),

cosa( T

i .
g(®) = 2= 1 Pt cosh ;) dp ; (16)
Ao

then the magnetic field can be sxpressed as ihe convolution integral
t
B(t) = j i, (8- w) g(w) du . an)

o

This expression is convenient for any waveforn considered for io(t), and
ine integrations are readily carried throngh for this simple examdle,
izter examples, Lowever, have sufficiently complex inverse transforms

g(t) that it is simpler to calculate the magnetic field divectly from
‘eGuations corresponding to 2Zguation (15) for each waveform considered for
io(t) rather than to make use of the convolution integral in Ecuation (17).
Thus, for purposes of comparison with later examples we desl with Zquation
(15) directly in this case.

Consider a rectangular current pulse, of height Io and width to;, then

I -pt
B = 57 0-e ) (18)

and from the inverse transform of Equation (15) at x = 0;

- 1

< (-1)" ~(w1/2)? n%_ o<ttt

B.(t) = uI 1.2 Z ——— o o °
2 o n (n+l)




Bz(t) = §{g) - (-t ) t>% (20)

where £(%t) is ziven by ihe expression in Zcuztion (19). If = denois 2

characieristic frevrency for this recianzular pulse s, where

to = ; (21)
then Zguaiion (19} becozes
2 t
_ 2 . _ (@f2)® 2
Bz(t) = eI 1- = (-1) . .(_Z__Z_L > 1%_)
’ . o o |(22)
(n+l)
n=0 >
L ]
where
a =1 5 = 1
== = .
° V nfi:

The ~uantity & is recognized as the "skin depth" for the particular con-
ductor at the characteristic freguency. It may be observed that the
expression in Eouation (22) does not converge rapidly for small values

of t or large values of a. Another formfr this expression may be obtained

by utilizing the Poisson summation formula, which results in

o0 n r 2to
Bz(t) = Zp,Io Z (<) Zrfe . (n+ % ) a = (23)

L

n= 0

G




ard comverges rapidly near t = 0. Of course, Sgastion (20) appﬂes for
t> to o

One other simple waveform for the forcing current is of interest:
2 currant pulse described by one-haif of 2 sine-wave funciion. This pulse
shape closely =atches that easily obtained in practice, shile ihe reciangular
pulse is considered here for simplicity in comparing various cases. For

the half-sine-wave current pulse, one obtiains

<17
l+e °
IPY=I I —_— (2k)
D - lo

where I indicates that the imaginary part is to be tzken. The result

for the magnetic field found again from Equation (15) at x = 0 is

-

- 2 3.t

o _e1/2)* P
iwt 2 o
By(t)=wui I | ° -2a <1)" m+1e ©
cosh(a y21) o= o 2 - .
(n + 1._)2 le + i2a
2
L (25) }

vhere t_ = nfw as before. Taking the imaginary part, as indicated, gives

cosh(a)cos(a)sin(wt)-sinh(a)sin(a)cos(wt)

Bz(t) "o 1+ coshz(a) - cosz(a)
+ ln? T (-1)™n + 1/2) e ‘(“*%-)zfz— ({‘o—)
n= 0 (n + 1/2)1‘;1:.1F + bot ] - @0)
Both of these expressions apply for 0 < t < to y whereas
Bz(t) = £(t) + f(t-to), t > to (27)

~10~
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where f(t) is given ty Zrustion {26).

efore exzmining the past expressions io see tne bshavior of the
axial magnetic field with time z2nd the thic%ness of the conductor, cne
should consider znoiher case witn recizngular zZeomeiry, which is core
rezlistic than that just considerzd and would represent z liniting cendition
of cylindrical geomeiry with 2 thin-shelled mstel pipe inserted within the
sol=noid. This case in rectangular co-ordinzies is showm in Figure 2.
For this case, Z-uations (12) and (13) descrioe the fields in =segions 1

and 2, whils the fields in legion 3 zre descrioed by

j3 =9 (23.&)
§3 =.P3x (23.0)
83 =G . (23.c)

In these ecuations the expressicn for the electric field is chosen so that
it is zero at x = Q.

The constants are agzain determined by resuiring continuity of the
tangential fields across the boundaries. The result for the magretic field
on the axis et x = 0 is

1

= uj L (2
"o cosh(T'T) + (7%)sinh(T) ‘

This expression actually describes the magnetic field for the comjlete
region inside of the conductor since tne field is constant in this rz ion,

uhen a finite »ronagition velocity is not considered.
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Figure 2. Schematic Structure of .a Pulsed Solenoid with a Thin-Walled
Conductor in Rectangular Co-ordinates,

For a rectangular forcing current pulse of height I, and width ¢,

Equation (18) applies, and the inverse transformation of Equation (29)

yields
2 t .1
00 “% ﬂz (t )
_ - e 2a o]
By(t) = uI, 12 A (30)
- T,.22C
n=o t..os(ann) (1 totan T)

~12-
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where the quantity a is given by the transcendental equation,

tan (aﬁn) = —1 . (31)
fc
ann (T)
The nomenclature here has been chosen so that

lim a =n .,
n—> o
If the width of the conductor is much larger than the wall thickness;

i.e., € >>1, then
T

ama=na+ n
n ' Cnn ’

ow
=
&
o\

For these conditions Equation (30) is approximated by

5 't nmet

0 0]
; —_ W o ., \ n
Ba(t)N qu 1 - @ -2 Z (-1) e 20, ) .(32)

- )

Q=3
(V)]

The results for the hollow conductor for the second current waveform,
a half-sine wave, are not presented here, These are sufficiently complicated
that it does not seem worth while to develop them, especially since no
qualitatively new phenomena arise over those exhibited by the solutions
in BEquations (22), (26), and (30). If it should be desirable to calculate
the axial magnetic field in this case; one need only combine Equations (24)

and (29) and calculate the inverse transform.
“13~
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Figure 3. Axial Magnetic Field Versus Time for Rectangular Current Pulse
for lectangular Geometry,

A typical plot of the axial magnetic field for the rectangular current
pulse is shown in Figure 3. For this current pulse, the magnetic field
is always a maximum at t = ¢ ; i.e., at the end of the pulse. Thus on
this basis, the variations of the maximum magnetic field for both the solid
and hollow conductors is shown in Figure 4, In this figure the magnetic
field is normalized to qu, which is the value that would apply under d-c
excitation of the solenoid. The case of the half-wave sine current pulse
is considered in detail in the next section where cylindrical geometry is

treated,

-1k

K i o b it ety e s i - P e et TRKE Y g Ao d e ZUAE, - =L ez = o~ B ko p e e




1LOpP -1,
"CURRENT
0.8 WAVEFORM
0.6}
B
29 i
0.4}
0.2}
, _L‘ U | 1 ,nl /J [l : 10 J
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a , CONDUCTOR THICKNESS RELATIVE TO SKIN DEPTH

Figure 4, Relative Peak Axial Magnetic Field as a Function of Conductor
Thickness for Rectangular -System,

C. SOLUTIONS FOR CYLINDRICAL GEOMETRY

The use of cylindrical geometry in describing a pulsed solenoid system
is much more realistic than the rectangular geomeiry of the preceding
saction, but the arithmetic associated with the cylindrical geometry is
far more complicated. The results of the preceding section provide a

useful guide, however, to the behavior that should be expected, Certainly

«15-
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Figure 'S. Schematic Structure -of a Simple Pulsed Solenoid. System in
Cylindrical Ce-ordinates.,

the same basic expressionc. in Equation (8) apply; and we .again assume.
nonmagnetic conductors and an ideal, infinitely long magnet system that.
is finite in the transverse direction,

Let us first examine. a solid' conductor sy_st@m as shown in Figure 5.
Assuming circular symmetry, thes expressions corresponding to Bquations (9),

(10), and (11) that apply are as follows:
1l d d 2 -
e 2-T :l B, = 0 (33.2)

-16-
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B

d 1 .4 . :
{5;(Eﬂ-ﬁ- =g {33.b)

%:—; (r E¢) =. P Bz ‘ (34.2)
a | ,
3B, =- m_3¢ (34.b)
where ‘ ]
'['2 = s P . (35)

Appropriate choice of the conductivity o makes it possible to distinguish
between fields inter3al and external to the conductor.
Following ihu nomenclature and procedure of th= preceding subsection

gives two equaticrs.For 0<r < T:

3p = - ﬁ—g L(Tn (36.a)
o =- L1 (th (36.b)
B,=4I(Tr) (36.c)

where solutions involving the modified Bessel function of the second kind

are omitted because of a pole 2t r = 0, For T<r < a:

jp=0 (37.2)
-17=
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©=-P3*:
B, =C .

P e L = - - =

e SR e i oy

57.5)

(37.c)

Again, fro= the bourdary corditions for the field within the conducter,

ohe obtains

I( fr)

B, = 13,

I(TD

(38)

which should be cormpared with Esuation (15) for ithe rectangular cass.

For the rectangular current pulse, Equation (18) zpplies, and the

inverse transform for the axial magnstic field readily gives

’ a
12 §
n=1

and

2 2
Dn
t
— ()
202 to

o

anl(bn)

By(t) = £(t) - £(t - t_),

t>t

(39

, 0<t<t
o

(%0)

0

where f£(t) is given by Equation (39). The new quantity b appearing in

these equations is defined by

n=1, 2’ LI L ]

-18-
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Bouation (39) should be coxpared directly with the ecuivalent for= for
rectanguizr gecceiry given by Equation (22). An expression cocmarabie
to Eyuation (23) that comverges rapidly for swail values of time is not
readily obiained direcily Ifrom Equatioa (39), since the Poisson summation
formmla is nof easily applied.

If a palfi-sine-wave current pulss is assumed, Ecuation (25) applies,

and gives for the axial magnetic field

- bzzln n
- £
1 st T pe 2 o
B It) =ul I & -2 n
2 om | ——— > 2\ | - (42)
Io(a;/21) n= Jl(bn) b+ 120)
L
y
When the imaginary part is taken, Egquation (4Z) becomes
bero(a fz-)sin(mt)-beio(a V2)cos(at)
B,(t) = w1 _
beri(a V2) + beii (ay2)
2
_ bnn t 1 7
© 2 &
2 . be Za 0
+4hq Z n (43)
n= 4 L
Jl(bn) (bn + Lla) -
where
I (ay/21) = ber (ay/2) + i bei_(aV2) . (44)

~19-
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Figure 6. Schematic Structure of a Pulsed Solenoid with a Thin-i2lled .
Corductor in Cylindrical Co-ordinates.

Tre resuit in Sguation (4#2) applies for 0 < t < t_, whereas for t >t
the form for Equation (27) applies.

A pulsed solenoid system with a hollow conducfor is shown in Figure 6.
The solution for this system for the axial magnetic field becomes very
complex in detail, but the form of this solution is readily estallished.

For region 1 where b < r < a, Equation (37) expresses the field iransform.

In region 2, for C < r < b, one obtains:

== L {A 1, (Tr) - BK) m)] (45.2)

"

-20~
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¢, = - f;lf:' AT (CF) - BE (‘l”r))

B, = AL (Tr) + Bk (TT) 3

In region 3, for 0 < r < c, .one obtainse

.13‘0

- T
c3 =P > G
53 =G .

(45.1)

(¥5.¢)

(46.4)
(46.b)

(46.c)

Again using the boundary conditions that the tangential field. components

are continuous across the boundaries, we find

By = i, [Eo(fc)Kl(fvc)’ + Il(Tc)Ko( fC)}T/b_J . (47)

boosh (TT) + (&%) bsinn (€1)

In this expression the Bessel hyperbolic sine and cosine functions are

as follows:

boosh "r(b.a] = e [Iom)xl(rc)»« Il('rc‘mo(r“o} :

bsinh [ T(b-c) ]

b

48.a)

TYoe [Io('f'b)l’ao(ﬂ)- Io('l“C)Ko(f'b)} .

(48.b)

In the limit of large arguments, the Bessel hyperbolic sine and cosine

functions asympotically approach the circular hyperbolic functions.

Also for large arguments the numerator of Zquation (47) approaches one,
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_Thus, for a hollow conducting cylinder with a large diameter,'Equation

(47) gppfﬁ;ches the form of Equation (29). from the rectangular geometry
solution, |

The tifme behavior of the axial m.:mgnetic field from Equations (39)
and (40) for the cylindrical case with solid conductor is very similar
to that for the rectangular case illustrated in Figure 3; that is, the

maximum magnetic field still occurs at the énd of the current puls¢<for

the rectangular current pulse. A comparison -of the maximum axial magnetic

fields between the solid cylindrical and rectangular cases, for a rec-
tangular current pﬁlse is shown in Figure 7. The corresponding results
for the hollow cylindrical case from Equation (47) have not been calculated
The small amount of additional information. obtained from this expression
does not ‘seem to warrant the gross additional complexities in calculating
the inverse transform. It is expected that the peak axial magnetic
field for this situation will decrease about as rapidly compared to
the cylindrical solid case as for the corresponding situation in rec-
tangular geometry shown in Figure 4,

Finding the peak axial magnetic field for the half-sine-wave current
pulse is not as simple as for the rectangular pulse, since the field
peak is delayed from the current peak. In addition, the amount of delay
is a function of the conductor thickness measured in terms of the skin
depth. A few plots of the time behavior of the axial field for the solid

conductor from Equation (43) are shown in Figure 8. Figure 9 shows a

comparison between the rectangular and half-sine-wave current pulses

for the solid conductor in cylindrical co-ordinates,
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Figure 7. Comparison of Axial Magnetic Fields for Solid Rectsngular
-and Cylindrical Geometries.

It is interesting to observe from Figure 8 that the axial magnetic
field is initially negative for sufficiently thick conductors. This
simply means that for a given conductor thickness and for a fast enough
rise time for the primary magnetic field produced by the current pulse,
the secondary magnetic field produced by the integrated effects of the
induced currents is momentarily larger than the primary magnetic field.

The range of conductor thicknesses for which this occurs may be found
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Figure 9. Camparison Between Current Waveforms for Axial Magnetic Field
of Solid Cylindrical Conductor.

from Equation (43). The series in this equation is alternating since
Jl(bn) is an alternating function. In addition the magnitude of the

individual terms is monotonically decreasing. “When the mzgnetic field
is negative near t = 0, the derivative will also be negative; and for
positive fields the derivative will be positive. Thus, an estimate of

the value of a required to obtain a momentary negative field is found
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by setting the derivative of Zcuation (43) equal to zero,and using only

the first term of the series; giving

bero(avzv) - ani,
2.{0) =0= > V(. > L3N uay o
dt | bero (ay2)+ belo(am Jl(bl) (bl + )
(49)

ard therefore, « = Tf8:~= 1.1. For this and larger values of a, the

axial magnetic field is initially negative,

D. DIFFUSION EFFECTS IN SOLENOID

In all the models of the pulsed solenoid system examined so far,
the assumption that the pulsed solenoid itself could be represented as
é current sheet has been used; However, if the solenoid is sufficiently:
thick, the magnetic field produced must diffuse through the metallic
solenoid to appear inside the solenoid. The decrement in axial magnetic
field in this instance will not be as serious as for a passive conductor
of the same configuration for two reasons:
1. The solenoid is not solid but consists of layers of wire or tape

with insulation and air gaps between layers.
2. The magnetic field produced by the outer layer must diffuse through

the entire solenoid, but the magnetic field produced by the inner
layer must only diffuse through itself.
The effect on the axial magnetic field may be established from the

preceding results in the following way. Consider a solenoid of equivalent
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thickness T in the form of oéne of the conductors treated earlier. 3Suppose

that this solenoid has no passive conductor placed on its axis. Then

the pulse current per .unit width is approximately io(t)/”; If the axial
AT

magnetic field produced by a current shell of io(t) T‘ is denoted by

B(t,T), the total field produced by the complate solenoid is

T :
B (t) = B(t, u) du (50)

for either the rectangular or the cylindrical geometry.

To provide as accurate an estimate of this effect as possible, the

results for the cylindrical geometry case with hollow conductor should

be used in Equation (50). 4s .discussed briefly in Sectior C, however,
this case is so complex in detail that the calculation was not performed.
Of the other cases, perhaps the best ones to consider in estimating the
diffusion effect of the magnetic field through the solenoid are the hollow
rectangular geometry and the solid cylindrical geometry. The. first of
these treats a hollow conductor while the second shows the effects of the
cylindrical geometry.

For the hollow rectangular geometry, consider:the situation where
C/T is large. Bquation (32) describes the axial magnetic field, and

from Equation (50),

_ A To [t \ . T n_ ot
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For both Equations (51) and (52) the rectangular current pulse was used.

A comparison. between the results in Equations (51) and (52) and those for

a passive conductor is made in Figure 10,

E. SUMMARY AND EVALUATION OF CALCULATIONS

The behavior of the decrease in the axial magnetic as a function
-of the different geometries is readily explained in terms of the induced
currents with the conductors inserted within the solenoids. For the
rectangular geometry and the rectangular current pulse, the magnetic
leld is affected the least for the solid conductor; then as the width
of the hollow conductor increases, the magnetic field decreases further
and further. This is readily understood by realizing that the induced
current in the solid conductor is zero on the axis; whereas for a hollow

conductor of the same thickness, the induced current on the inner wall
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isnot. zero. As>é result the total opposing magnetic field produced by

the induced currents is larger for the holiow conductor than for the solid.

aSSimi;aria:gugenﬁ applies te the sslid and hollow conductors in the

‘ecylindrical geometry.

_ Comparison of the solid conductor cases in rectangular and cylindrical

' geosetries shows that the magnetic field decreases more slowly for the

cylindrical gébmztiy; This is expscted on the basis that as a result of
the curvature in the cylindrical geomef:y, the induced current decreases
more rzpidly towards the conductor center than it does for the rectangular
geometry. This same bshavior should be evident for the hollow conductor
cases until the diameter of the conductor becomes very large comparsd to
its width. In this event the curvature at the conductor is only slight,
and there will be little differenice in the magnetic field calculated from
the rectangular or cylindrical gecmetry.

An estimate of ihe decreazse in magnetic field for the hollow .cylin-
drical conductor can be obtained for the rectangular current pulse by
scaling the results in Figure 4 to those given in Figure 7. OSuch scaling
will tend to give a low estimate, since in the 1limit of large radius-to-
thickness ratio (C/T) both the rectangular and cylindrical geometries
will give similar results, as discussed in the previous paragraph.

The results for the half-sine-wave currsnt pulse follow the same
trend with geometry as does the rectangular current pulse. The peak
value of magnetic field for a given peak value of current, however, is

slightly smaller than for the rectangular current pulse because the peak




current is maintaired during ihe rectangular pulse. The most notable
difference is: in the long time delay between ine current and magaetic
field peaks. Of seccndary interest is the momentarily negative magnetic
fields for sufficiently thick conducting described in the Section C.
Estimates of the peak magnetic fields for the hollow cylindrical conductor
are readily obtained by scaling of the results in Figures 4, 7, and 9.

The effect of magnetic field diffusion through the solenoid is not
nearly as serious as through a passive conductor as illustrated in Figure
10. The reason for this is discusssd in Sectiocn.C. A rough out workavle
estimate of the decrease in the axial magnetic field for the hoilow
¢ylindrical geometry can be obtained by 2pplying the correction shown
in Figure 10. The results in Figure 10 for the cylindrical case will give
a low estimate because of theé solid conductor.

It should be rezlized that a complete picture of the axial field
behavior in the cylindrical case even for an infinitely long structure
requires one step beyond those presented here. A hollow finitely thick
solenoid should be considersd, and the field rssulting from this should
be used as the exciting field for the expressions in Zquations (37), (4522
and (46). The resulting expressions, however, are very complex and
unwieldly, which is the reason for the piecemeal approach presented here.
The complete prooiem of the finitely thick solenoid witn a hollow
cylindrical conductor is perhaps best left for a computer solution, where
end effects could be included if desired. Without resorting to a computer
solution, the simple calculations made hers give quantitative results

sufficiently accurate for a practical design.
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IfI. DESIGN OF PULSED SOLENOIDS

The actual design of a pulsed soienoid is straighitforward, but it
involves a little trizl and error. The exact starting point depends
on what inforzation is kmown and what rast be deterzined; e.g., a
particular pulse current supply may already be available. The following
quantities are pertinent to the design:

B = peak axial magnetic field desired,

peak -axial magnetic field for d-c -excitation,

number of turns per inch for the solencid,.

peak solenoid current in amperes,

()
c’-o z:ow
u

piulse current length,

e
o

‘self-inductance of the soienoid,

-equivalent capacity of the pulse circuit,

< Q
L]

charging voltage for the pulse current supply,

=
i

equivalent series resistance of the pulse circuit,

£ s natural resonant frequency of pulse circuit,

1 = 1length of solenoid in inches.

It is assumed that the equivalent circuit of the solenoid and the current
pulse supply is as shown in Figure 11, For this case the results for
the half-sine-wave current pulse are appropriate.

In general, the design procedure is as follows. The peak axial
magnetic field desired would be known and the time duration of the pulse
would also be known on the basis of the intended use of the field; that
is, only a small region of the magnetic field pulse is usable depending

on the requirements for field variation with time. Thus, B and to are

-32-
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Figure 11. Equivalent Circuit of Pulsed Solenoid and Power Supply.

fixed, which in turn fixes the resonant frequency of the circuit in Figure

11 by
f=5 . (53)

If the details of the conductor to be inserted. in the solenoid are known;
i.e,, dimensions and material, the decrease in the peak magnetic field
resulting from diffusion effects is readily estimated from Figures 4, 7,

and 9. As an aid in this process, the skin depth as a function of frequency,

o
i

1 (54)
nfuo

¢ shown for copper and stainless steel in Figure 12, Then, as a first

estimate 10 - 15 per cent could be taken as the decrease in magnetic field
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B = -2 O gauss . (55)

Also, the self-inductance of the solenoid is found: from the power supply

capacitance by

4
]

. (56)

o
E I G

The peak solenoid current is related to the .charging voltage v -approxi-
mately as follows:

Rtb
I e E; vg:, (57)
® Ly

vhere it is assumed that the circuit resistance is sufficiently small
that it does not affect the resonant frequency. If this is not the case,

Bquation (53) fixes the frequency, but Equation (56) must be replaced by

2 .
£ = 1 2
—— (l-RC) (58)
2‘nLSC E;

and the maximum current is calculated from

- Rt v,
io(t)=o 2L, (’5_:.') sin wt . (59)

All of the auxiliary information is now known about the solenoid
except for its dimensions and nwmber of turns. The turns psr inch N
can be found from Equation (55), and the self-inductance can be related
to the dimensions (see page 443 of Reference 1) as follows

2 . 2p2 ..-6
L, = a N{ © 10 (60)
£
9a + 104+ 84T + 3.2 =

e s s mmsessam ST T T TR B e e e £ TR - D

o




¢ s

- - e s s s 3T e e R e P s

e

Figure 13, Dimensions of Pulsed. Solenoid.

where the dimensions are defined in Figure 13. This expression applies
where the coil diameter is less than three times the length. A trial-
and-error procedure is required at this point to yleld a consistent set
of values for N and Ls. Once this is done the results in Figure 10 can
be used to give a better estimate of the decrease in magnetic field result-
ing from diffusion effects within the solenoid, and an appropriate change
in the charging voltage Vo can be determined,

It is possible to increase the available axial magnetic field for
a given coil inductance by using a Helmholts coll arrangement. In this
case the past results apply except that the total inductance of the two

ooils in series must account for the mutual inductance between the coils,

36
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The coupling coefficient for various spacings between the two coils is
given on page 447 of Reference 1.

If the solenoid is to be operated on a lcw duty cycle it is possible

to apply very large peak pulse currents. As an example, peak currents

of up to 3300 amperes have been applied using no. 1% copper wire for a
single-shot solenoid. This is twenty times larger than the approximate
fusing current for this wire listed on page 55 of Refsrence 2,
‘One other aspect of the solenoid desiga which has not been considered

is the mutual inductance between the pulsed solenoid and the conductor

on its axis. It is possible to calculate this effect from the results

of Section II, where this appears in terms of an electric field acting

on the solenoid to produce an added current component. However, this

effect has been neglected for the calculations presented here;

S g

n;ﬂ:x e

o B a e

WU . F

ROV ORI

<




PR W,

_ e . B R i O i ek

IV. EXPERDENTAL RESULTS

For purposes of comparison with some of the calculated results, a.
simple solenoid was coﬁstructed. This consisted of 165 turns of no.
14 enameled copper wire wound on a 7/8-in. bakelite form. The wire was
sound in 5 rows to give a total winding length of 2.2 ini The nominal
ﬁinding thickness was 0.335 in. This solenoid had approximatély a one-
inéh‘uorking length and an inner diameter of 3/4 in. The turns: per inch

were calculated as
N = 75 turns/in.

The inductance for this coil calculated from Equation (60) was 291 uh.
This coil was to be used with a pulsed power supply whose nominal capaci-
tance was 360 uf, which from Equation (58) gave a ringing frequency of
approximately 491 cps. This meant a half-period duration of 1.02 msec.
The resistance of the coil was not calculated 'since it would be small
compared to the equivalent power supply resistance, for only low-Q capaci-
tors were available for the supply.

A schematic of the supply used for testing the coil is shown in
Figure 14.® The rated maximum voltage which can be initially applied to
the storage bank is 3000 V. A special feature of this supply is the
provision for quenching the output current at the end of the first half-
cycle of oscillation, so that the output current does not simply decrease

to zero after oscillating for a number of cycles at the ringing frequency.

Xlhis circuit was designed and deJeloped by D. M. Stevenson.
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The pulsed solencid current was moriitored with z series msiétam;“e
in the form of a stainless steel strap with appropdate voitage indicating
points attached. %ith a d-c bridge the res.stance of this strap vetween
indicating points was measured io 'bs 0.0129 Q.

The pulsed magnetic field was rmeasured with.a small searc}; coil
attachedr to z simple integrating circuit as shown in figure 15. Using
the measursd values of resistance and capacitance gave 2 calibration
factor of 0.915 mv/kgauss for the device. It should be observed that
the integrating circuit should have a time constant long cempared to
the magnetic field pulse, if an accurate indication of the field pulse
as a fenction of time is to be obtaine . TFor the circuit in Figure 15
this time constant is approximztely 0.1 sec, which is much longer than
the 9.001l-sec, fieid pulse,

An estirate of the degradation in the pesk axial magnetic field
can b= made 2s follows. Estimate the equivalent thickness of the solenoid

windings or the basis of the cross-sasctional area of the wires alone;

Jods

.., the arsa given by considering an area of solid copper equal to
the area of sun of the r 'nd copper wires. The wire diameter for no. 14
wire is 0.064 in. Thus, the nss-sectional area of one-half the solenoid

is

a =T (.08)%165 = 0.531 in”.

For a solid mass of copper, the same area is obtained oy a thickness
a3ven Gy
0.531

52 = 0.241 in.

T=
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Figure 15. Schematic of Circuit to Measure Pulsed Magnetic Field.

where the winding length of 2,2 inches is used. From Figure 12 the skin

deptti for copper at 500 cps is approximately 0.120 in.; therefore

T_ .
6 = Q= 2.0
] for the solenoid, and
i g = 0‘& =
! T= ootr = L85 .

: With these parameters, the ratio obtained from Figure % of actual te
ideal magnetic field for a passive rectangular conductor is approximately
uF 0.16. If this is scaled to the passive cylindrical case by using Figure
7 this ratio becomes approximately 0.41, Then, using Figure 10 to

] estimzte the affect for the solenoid rather than a passive conductor,
zives the value of 0.86. These values are for a rectangular current
pulse, The peak magnetic field should be decreased slightly from this

value for a half-sine-wave current pulse, but it is not clear that this
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should scale directly from‘Figu:c 9. Consequently, the rough estimate

of a 15 per cent decrease in the peak magnetic field from ideal conditions

is obtained for the test solenoid.

After the preceding simple design calculations, the solenoid was

prepared for testing, Bakelite end plates were glued to the central

form to contain the wire; and the loose ends of the coil were epoxied

‘to these end pieces. This simple construction. has-withstood the magnetic

forces experienced by the coil under pulsed magnetic field operation.'

To check the inductance calculation, the coil was measured with a 1000-cps
bridge and the series inductance was 295 ph. This value was about 2.7
per cent higher than the calculated value of 291 ph.

Typical data fér the solenoid current and axial magnetic field are
shown in Figure 16, The pulse length is approximately 10 per.cent longer
than calculated, probably as-a result of using the rated capacity rather
than the measured capacity of the power supply for the calculations.

From the data in Figure 16 the peak current is found to be 1630 a, and

the peak magnetic field is 50.2 kgauss. For this peak current the ideal
magnetic field from Equation {55) is calculated to be 61,1 kgauss. Thus
the experimental decrease of the axial magnetic field resulting from diffu-
sion effects in the solenoid is found to be 17.8 per cent as compared to
the rough theoretical estimate of-15 per cent. This measurement indicates
that the scaling techniques used to obtain the theoretical estimats of

the decrease in th2 magnetic field are sufficiently éccurate for design

purposas.

hn
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Another simple test was performed with this pulggd magnet to measure
experimentally the effect .of the magnetic field diffusion through a passive
conductor. A hollow brass cylinder, with an outer diameter of 0.75 in.
and a wall thickness of 0.105 in.. was inserted in the solenoid. Since
the resistivity of brass is approximately 3.9 times that of copper (p.45
of Reference 2), the ski- depth in brass at 500 cps is

§=0.12 V3.9 = .237 in.

and, the parameters for this brass cylinder are

o omfp o 0105 _

0.270

C_ -
T~ 0.105 =257 .

From Figure 4, or Equation (30), the ratio of actual to ideal magnetic

field is 0.9 for a hollow rectangular conductor. Scaling to a cylindrical
conductor by means of Figure 7 shows that the curve for the cylindrical
conductor is just at its knee for this value on the curve for the rectangular
conductor (an equivalent a of 1.2 for the solid cylindrical case). Then
accounting for the half.sine-wave current waveform from Figure 9 gives

a final estimate of 0.90 - 0.91 for the magnetic field ratio. Thus,

this scaling technique gives the estimate of a decrease of 9 - 10 per

cent in the peak axial magnetic field .Jor the test solenocid when the

brass cylinder is placed inside the solenoid. From the discussion of
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Section II, this estimate should be soméwhat conservative, although it
is not known by how much.
Data -comparing thé axial magnetic field with and without the brass:

cylinder is .shown in: Figure 17. 'The peak magnetic field with the brass

-cylinder is 43.9 kgauss which corresponds to a 12.5 per cent decrease

with respect to the field without the cylinder. This compares favorably
with the conservative theoretical .estimate of a decrease of 9 - 10 per
cent. The data shown in Figure 17 are interesting for other reasons.
First, the current waveform when the brass cylinder is inside the solenoid
is markedly skewed, This is apparently a result of the interaction of
the conductor upon the solenoid. Also the axial field is extended in time
beyond the end of the current pulse, and the magnetic field begins with
a zero or slightly negative slope. This behavior is qualitatively pre-
dicted in Figure 8. 1In view of the approximate effective value of 1.2
for o as estimated earlier in the solid cylindrical case, the quantitative
behavior agrees well with that calculated. The delay in the peak magnetic
field with respect to the actual current peak is approximately one in
5.5 parts, as shown in Figure 17, while the delay shown in Figure 8 is
approximately six in 31.4 parts. Also, from Bquation (49) the value
for a estimated as describing the transition between positive and negative
values for the magnetic field at the beginning of the pulse is 1.l.

The experimental results seem, therefore, to fit the theoretical
values when scaling techniques are used to go from the rectangular to

the cylindrical geometries, Of course, the data presented here are much

Lk
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Figure 16. Current and Axial Magnetic Field for Test Solenoid.
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Figure 17. Current and Axial Magnetic Field for Test Solenoid.
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Traced with Brass Cylinder.
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too meager to justify the st#iement that the theory agrees with experiment
for the effects of magnetic field diffusion in pulsed sclenoids. At

this point, the best one can say is that the indications are that. such

an agreement exists,

Finally, some data were taken with the test solenoid and the particu-
lar power supply considered here to see what ultimate fields could be
obtained. Under these conditions the. initial voltage was 4.1 kv and
the solenoid current was 3300°'a. The measured magnetic field without

the conducting cylinder was 102 kgauss. The pulse shapes for the current

.and. magnetic field agreea with those shown in Figure 10.

V. CONCLUSIONS

The limited experimental results obtained for test solenoids indicate
that the.-quantitative results cobtained are sufficiently accurate for the
design and construction of pulsed solenoids. The calculation of the
decrease in magnetic field on the axis of a pulsed solenoid have shown
that the conductor thickness (on the radius) which can be tolerated
without a large degradation in the magritude of the field is on the order
of one skin depth. If low-conductivity conductors are used, this limi-
tation is not especially serious. On the other hand, a much more
stringent limitation is placed upon the coil thickness of the pulsed
solenoid where copper wire or tape would be used. For a decrease of
10 - 15 per cent in axial field, coil thickness of up to twice the skin
depth can be used. As the coil thickness is increased beyond this, the

ratio of the axial magnetic field to the ideal field decreases very rapidly.
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It is significant that pulsed mognetic fields as high as 100 kgauss
were readily obtained with én,_ ingxg}éfgsivé solenoid, althcugh field uniformity

was not high.
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‘HIGH CURRENT-DENSITY BEAMS USING INDIRECT EMISSION
" FROM LASER-IRRADIATED CATHODBS

D. M. Stevenson

(Prepared under Contract No. AE30(602)-3243 at the Electrical
Engineering Research Laboratery, CORNELL UNIVERSITY, Ithaca, N. Y.)
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ABSTRACT

An experimental study was made of the emission. of electrons from
one side of a thin tungsten ribbon when heated by laser irradiation from
a pulsed ruby laser incident on. the -opposite side. The emission obtained -
in this way was found to be repeatable up to current densities of 400 a/gng.
Beams with this current density and diameters of 0.005-in were focused
using magnetically confined flow in a pulsed magnetic field. The optical

properties of tungsten and beam focusing using magnetic fields are discussed,
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Laser Output Energy as Function of Energy into
Flash Tube. B

Variation of Laser Output with Pulse Nusber for
Several Pulsing Rates, Times: Shown are Times
Between Consecutive Pulses,

Spatial Variation of Laser Output over Crystal Force,

Far Field Pattern of Laser Beam. (a) Input Energy
of 350 Joules (10 Per cent above Threshold); (b)
Input Energy of 550 Joules (55 Per cent above
Threshold), 1/13 exposure of (a).

Diagram of Optical System,

Diagram of Two-Coil Pulsed Magnet with Field
Configuration.,

Magnetic-field Pulses: (a) Of Simple Solenoid
at Several Discharge Capacitor Voltages; (b) Of
Two-.Coil Magnet,

Magnetic Field Pulse, (a) With 3/4-in Stainless
Steel Rod Inserted in Magnet. (b) Without
Stainless Steel Insert,

Diode Current-Time Curves Shcwing Repeatability,
Va = 200v.
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Figure 16,

Figure 17.

Pigure 18.

Figure 19..

Figure 20,

Figure 21,

‘Figure. 22,

Figure 23,
Figure 24,
Figure 25.
Figure 26.

Figure 27.

(a) Diode Current at Several Anode Voltages; -
(b) Current-voltage Curves from (a) at Different

- Times Diring Pulses,
Equipotential and Field Sketch for Laser Diode,

(a) Diodo Current Pulses at Anode Voltages. of 50w,
100v;. 150v, and. 2507 with Magnetic. Field Pulses;.
(b) Log-Log Plot of Peak-Current versus Voltage O
‘Obtained from (a).

‘Tungsten Cathode -after Irradiation.

Current Pulses Emitted from Cathode Area shown
in Figufe 19. (a) Corresponding to Single Shot;
(b) Corresponding to Second, Third, and Fourth
Shots of Four-Shot Sequence. Vertical Scale is
0.5a/div for Second ‘Shot and 20 ma/div for Third
and Fourth Yhots. (c) Corresponding to Fourth
and Bighth Shota ‘of Sixteen-Shot Sequenca.

Diode Current Pulses Showing Transition to Very
High Current Density Emission., Laser Energy :
Incruseds (a) 5 Per cent for Each Pulse; (b)

5 Per cent Above Top Curve of (a); (c) 5 Per cent
over :Curve. in (b),

Diode Current under Breakdown Conditions: (a)
V. = 750v; (b) V. =750v. 600v, and 500v}

¢S] Vv, * 750v ank 600v

Laser Cathode Beam Testers.

View of Laser Beam Targets,

Typical Current Pulse. for Bsam Tester A..

Current Pulses for Beam Tester A under Breakdown
Conditions., Upper:Trace is Collector Current,
Lower Trace is Anode Current.

Collector and Anode Currents at
Vc = V‘ + 300v,

Several Anode Voltages.,
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Figure 28. Typical Current Pulse for Beam Tester B. 128
) Figure 29, Current Pulses for Beam Tester B, Upper Traces 1)6. |
are for Anode @nd Drift Tube); Lower Traces are
for Collector. (a) V,_ = 570v, V_ = 800v; (b)
V_ = 600v, V, = 800v.
Figure 30, Beam Envelope for Uniform Field Confined Flow. 143
Figure 31. Plot of Equations 23, 24, and 25. 17
Figure 32. Potential Depression Resulting from Space Charge 149 ;
of Beam Inside Metal Cylinder. o
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One: of - saveral linitationa ‘on hfgh-pm:r 'y higb-frequomy clocttmic ] 7 ”""’i\,i‘

‘Grggtor» ‘bean:carrent densities than this. cqn~ be: pmdncgdx Y comgrgonga,

b,
dévices 13 that conventional thermionic cathodoa 5 when: opeutod tor L B ’ y
Teaso able 1ifetines, give maxima masm donsities of aboitt 10 deu R PSR
 sdar order of nagnit,udo grutcr wh.n aperatod und.r ccmm caﬂéitiona. . J v 3
ISt S g

‘but st the expenss, of increasiiig the bewpersture of the bews.and there<
fore tha ‘noisas There ja also a limit to tm convorgcnco ratio that — i g
.cén ba achieved in practices A high cnisaim dmsity sovrce- could: . "’[
therefore be of considerasble: 1aport.anco. ’ , T J -

- Sich:a sdarce has beer roalised on a pu}sod b&zis hy irradi”atiag ‘

tungsten. with the bich-e;nt,enaity' radiation produced by- & ruby :1@%9:,.

The endssion obtained in this wuy has been iivestigated and zepiried

by Giori Qt .b;lb-' Figure Y shows thie laser pulse as detected b‘y v

_ .phctomi tiplier tube- together with the corras ponfiing elec::trcn e cssion

‘w““‘.mt&_ﬁ«/' W o

Lor several lasgr énargles. as observed by thase wcnkars.. Tho usor
Pulse was of 300 s duration.and: ¢snisisted: of arsproximately ﬂ‘» s~hundred
japarate pulses a ‘wgpiimsh each -of less than L us duration rith two
of three misroseconds between ihe spikes.. This. apiking patrén can be
best veon in Figure %s When pulsed at constant dnpub.ener iy, the
output erergy of each ‘Mlsa was cunstant, but tne dotai,ls if the
spiking patiern -ware ntie : . . N

The electron emission spown. in Figurs 1. was obtsinud by focusing

the laser beam to: & spot of approximately 0,002 in. dizseter on the

1
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end of 20.12-1n. dismeter tungsten rod. ?Sinp§ the spot size was -

small 'conpnfo’ﬂ" with the rod diametér, 4the rod could be considered semi-

infinite. for thermal calculations, The emission in-this case can be .

seen to follow the individual spikes of the- laser pulse. Calculations

using a simplified linear theory, that is, neglecting variations of

thermal and' electrical properties of the tungsten with temperature,

'show: that this is to be expected, since the surface temperaturs can

rise and fall at the approximately 2 Mc/s rate cf the laser spikes.
In_f,ac}t,.:fbr turigsten, the .surface temperature, and therefore the
emission would follow the variations up to approximately 200 Mc/s.
Even at such increased-rates the. temperature would follow the rising
edge of each pulse: but not the falling edge, since it is the icoaling

process that eventually limits the response. The maximim current

.densities -observed for this direct emission case were of the arder of

10% a/én?, but the spiking pattern made them of little practical uses :
The problem therefore is to prodiuce a smooth, repsatable: pulse.

One of the methods suggested for producing a pulse of this kind
is by what has been termed "indirect emission<* This ‘involves
heating a thin tungsten ribbon by laser irradiation on one side and
drawing the emission from the opposite side, where ithe temperature
fluctuations are considerably attenuated. Since a:larger mass of
tungsten has to be heated than with direct emissi¢n and because of
the .averaging effects of the diffusion of heat acitoss the ribbon, a.
lower and smoother rate of increase of temperature at the emitting

surface results. Also a considerably reduced rate of cooling is
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obtained because of the much reduced conduction path of the thin ribbon
compared with that of the relatively large tungsten rod.

This report describes the emission observed under the conditions
of indirect emission from the laser cathode and *he formation of a
magnetically focused beam c¢f moderately high current densities using

»
this emission process.

*
This work has been a continuation of experiments performed by

Ge Co Dalman and T, S. Wen2 on indirect emission from a tungsten
ribbon carried out at Chiao Tung Univerd ty, Taiwan, in 1962-63 when
G. C. Dalman was a visiting Professor there under the sponsorship

of the United Nations Special Fund, China Project.
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Ii. DESCRIPTION OF THE APPARATUS

The fundamental smission process was studied using a simple
dicde, and two beams wers formed using very simple guns with pulsed
magnetic field focusing. Each tube was used with the laser head,
optical system, vacuum system, and pulsed magnet shown in Figure 3,
The associated power supplies and pulsing circuitry are shown A
schematically in Figure k.,

A. VACUWM SYSTEM

The vacuum system was of stainless steel sections connected
together by Varian flanges using copper gaskets. The central section
was a stainless steel cross which had a Varian 8/sec VacIon pump on
ons arm, a vacuum valve on the opposite arm, a glass port for the
laser beam to enter the vacuum system on the third arm, and a stain-
less steel tube with a pulsed magnet fixed on it on the fourth arm.
The diode and beam testers were mounted on Varian vacuum flanges and
fitted insids the tube on which the magnet was mounted. With this
demountable system, each tube cculd easily be removed either for
replacement of the filament or replacement by another tube. If the
magnetic field was not required, the magnet section could be removed
and the tube attached directly to the arm of the cross. Since each.
magnet was fixed permanently on its stainless tube, the magnet was

changed by replacing this section.
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The mressures achieved with the system wers arcund 10-'7

Torre

At this pressure the monolayer adsorption time was around 10 sec

while the time between laser pulses was 100 sec. Several monolayers

of gas could therefore condense on the filament between pulses. A
pressure of 10-9 Torr, giving a monolayer adsorption time of 1,000 sec.,
would have been much better. In spite of this poor pressure, however,

resicual gas seemed to have little effect on the emission after the

cathode had been aged by the first few laser pulses.

B. LASER

The laser head used for the experiments is shown in an exploded
view in Figure 5. This laser was designed and constructed at Cornell
University. 3 The pink ruby crystal, with a diameter of 0,25 in. and
a length of 6 in., gives radiation at the characteristic wavelength
of 69U3A°, corresponding to a photon energy of 1.78 ev. The chromium
doping is 0405 per cent and ‘he crystal has a 90° optical axis
orientation; that is, the optical axis is perpendicular to the axis
of the crystal cylinder., The transmitting end is flat and uncoated,
whereas the opposite end has a two-facet chisel foming a total
internally reflecting (TIR) prism. The crystal and a linear Xenon
flash tube are contained in an elliptical housing with polished
stainless steel reflectcrs coated with silicon monoxide., The crystal
is at one focus of the ellipse and the lamp at the other. This is
a relatively efficient arrangement. The laser gives 1 joulé for

every 300 joules into the lamp above threshold and is therefore

67~
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Figure 5. Exploded View of laser Head.
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0.33 per cent efficient. Cnly 2.5 per cent of the elsctriczl energy
dissipzted by ithe Xenon flash tubs is comverted to light, #hich is in
a useful wzvelengih range for pamoing the laser; this light is there-
fore used with an efficiency of 13 per cent cnce the crysisl hzs been
px=ped sbove threshold. Tae cozoletely uncozted crysial 21lows high
energies {0 be ocbtainsd for cany palses withoui the ceteriorztion in
perfor—arce associzated wiih ccated crysials, the cozting ¢ w=hich
can be eveporated off by high laser energies.

The power supply for the Izser is a2 comwentional é-c supply,
wiich ckharges 2 capacitor bznk o 2 preset voliage, A tulse generator
generaies two pulses »with the fine batween thex= 7arisble from 20 ps
to 600 ps. Tiiher one of these pulses czn be used to trigger the

laser, the megnet, or the oscilloscops. This pulse geperator was used

to m2ke the laser pulse coincide with the center of the magnel puise.

i.“fl

”

D

LERS

3

1zm5 is {ired by nezns of a 15 kv pulse delivered fo the
2==p trigger wire. This palse is oot=ned by céischarFing & czpzcilor
throngh the primery coil of 2 pulse transformer using 2 silicon-
controlled rectifier as 2 switckh, the trigger pulse being tzken from
tha secondary coil of the transforzer. The silicon~-ccntrollad
rectifier is switchea by 2 pulse froa the pulse generator. The
capacitor bzik of the laser suppi™ can be 120 uf, 240 pf, or 360 pf
and has ar ultimate storage capecity of 2,700 joules.

In ordsr to understand ths heating process and also o produce
an irradiated spot of the reguired size, it was found necessargy to

investigate several of the laser characteristics. XMeasurements of the

[}
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total energy per pulse were made using a calorimetric technique
developed by Ii and Simh . ‘The basic ele—ent was a carbon cone of
0.51 g= mass placed in an insulating enclosure. The cone was raised
2.8°C 1n tewperature by a pulse of cue joule. Exbedded in a groove
around the edge of the cone were thres Fsrwal thercdistors operated at
about 30000 each., When this calorimetar was used with the circuit
shown in Pigure 6a, an owtput of 31 =v per joule was cbtained from the
bridge. The main purpose of the d-¢ amlifier was to provide an
impedance transforcation between the bridge circuit 'and pen recorder,
since the out-of-balance voltage of the bridge was being measured and
this had %o be done with a circuit of high impedancs cozpared with
the various bridge resistznces., With this calorimeter it was found
possible {o measure energies up te the maxirmunm energy of the laser
used, ®hich #zs a few joules, and domn to 2 few miliijoules, corraspond-
irng to 2 tecperature rise of the cone of about 0.01°C and an output
voliage from the bridge of sbout 0.1 mv. A typical curve showing

the resporse of the calorimeter to a series of pulses of 0.5 joules
at 100-sec intervals is shown in Figare 6b.

The peak deslection, which was obtained 9 ssc after the laser
pulse, had to bs corrected for cooling during the heating tims. A
logarithmic plot of the deflection as a function of time showed a
rnearly exponential cooling after the peak deflection had been reached.
If the same cooling rate was assumed up to the time of reaching pesk
deflection, then a correction to this deflaction of 26 per cent was

required. This last assumption is somewhat suspect, since the cooling

-70-
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Figure 6. (a) Circuit for Lsser Energy Measurements Using
Carbon Cone Calorimeter. (b) Response of Circuit
in (a) to Two Laser Pulses of 0.45 Joules.




rate may be quite different while the heat is diffusing through the
carbon cone. This method cannot be relied on therefore, for absolute
values of better than 10 per cent. A reduced rate of cooling of the
cone would increase the accuracy of absolute measurements. Relative
measuremsnts can be made with much greater accuracy. A calibrating
pulse was obtained by discharging a capacitor through a fine wire
embedded in the circumference of the cone.

Other workers have used this method of energy measurement. A
similar method described by Daman and Flynn® uses a ligquid of
appropria.~ly chosen absorption coefficient as the absorbing medium,
This method overcomes the problem of overheatving and evaporating the
surface of the carbon cone at high energies. For the measuremsnts
described here, care was taken to ensure that the laser beam irradiated
at least half the surface of the cone so that this problem was avoided,.

It is also possible to measure the energy from the laser using
a calibrated phototube in conjunction with fiiters of knqwn trans-
mission coefficient.6 In this case the filters are necessary to
prevent damaging the tube and t.0 eisure operation over the linear
part of their range.

With the calorimeter described placed directly in the laser
beam, Figure 7 was obtained. This shows the variation of output
energy with electrical energy into the flash lampe The threshold
was clos@ to 320 joules with the output energy varying linearly with
input energy and an efficiency above threshold of 0.33 per cent.

The threshold and efficiency of the laser, and therefore the output

power of the laser, are functions of the temperature of the crystal

~72-
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and the rate at which pumping erergy is supplied to the c:ystél?

¥t is therefore important tc keep these quantities constant in order

to obiain a constant ouiput from pulse to pulse. The rate of supply

of pumping energy depends on the imductance, capacitance, and resistance
of the discharge circuit and the constancy of the lamp discharge.
Wamifactarers specification of the lamp discharge indicate that it is
constant over some thousands of pulses; therefore this did not present
any prcblem for the experiments described here. The temperature of

the laser crystal was therefcre the most important factore

Figure 7 shows that severzl joulas of energy were available from
the laser. Calculations show that only 1.7 millijoules of energy are
required to heat a 0.005-in. diameter spot on the ribbon to the
melting point of tungsten and that 15,3 millijoules of emergy are
required to heat a spot of diameter equal to the width of the ribbon.
A few tens of millijoules are therefore the maximm required, and the
laser is capable of giving meny times more than this.

Figure 8 shows the variation of the laser output with pulse
number when it was pulsed at several diiferent rates. Curves are
shown for three puising rates with two different cooling conditions.
The cooling conditions weres (a) the crystal cooled simply by
conduction and convection within the laser head; (b) the crystal
cooled by a stream of air at room temperature blown through the
laser head. Since the lamp and air within the enclosure was heated
by each discharge, cooling under conditions (a) was very slow ard

there was a rapid fall off of energy with pulse number at the pulsing
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rates shomm. Cooling under conditions (b) were much more rapid;

fwrthermore equilibrium at a constant pulsing rate was quickly

achieved. With 100 seconds between pulses there was negligible .
reduction of energy output with pulse number, so that vwhen a time

between pulses of 100 sec or greater was used, a constant output was

achieved, These therefore were the pulsing conditions used for all

the experiments.

In order to form a spot of the required diameter on a target,

it is necessary to know, at least in a rough way, the variation of the
radiation intensity over the face of the crystal and also the 3
angular divergence of the emitted beam. These were therefore measured i
for the laser being used since they depend on several factors and
cannot be calculated with any certainty.

The output energy is certainly not radiated uwniformly from the
face of this or any other laser crystal, principally becruse the -
cylindrical shape of the crystal concentrates the pumping light into
the center. This results in an intensity that is maximum at the
center of laser crystals and that decreases smoothly toward the
circumference, Mgure 9 shows the variation of energy passed by a {
stop placed near the crystal face with the area of the hole in the
stop. This shows that the emission is a maximum at the center and
falls off towards the perimeter as expected. These measuremetits
give the sum for the entire pulse train of the energies of the
individual spikes from a given fraction of the crystal face. Hughes

and Young7 and others have taken photographs of the crystal face
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FRACTION OF TOTAL LASER OUTPUT ENERGY
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uvsing 2 rotatipg =irror camara so thzf they could resolve the individual
spikes. Their resalis showed that each spike corresponded to a mode
of €hs crysizl. Also different s:=11 regions of the crystal face exit

indeperdently of ezch ciher with the spztial variation of The eaission

varying froo spike to spike, tut with each ezitiing region alwaye

rd

- oo- - - - 3 N °
exitting its own particular —ode sequence., More racent work has

shown, hoxever, that xell zbosve threspold the separate ezitiing spots
couple iogether, armd the exission is more waifora over the fzcs of
the crysial, Both these resuits wers fourd with the lzser usad in
this stndy. %nen an i—age of the crystal fzce was formed on the side
of 2 rzzor Glade znd the lzser fired close to threshold, 2 mark was
made with several sm=11 holes doited over if, presumzbly corresponding
to the different emitiing spots of the laser face., Wnen this was
repozted with the laser fired well above threshold btut with ths bean
attenuated with 2 stop so that approximately the same amouni of energy
fell on the blade, a much more uniform mark was made confirming in a2
rouzgh ranner the observations of dher workers. Far this reason, in
order to cbtain a wniformly irradiated area, it is necessary to
operate the laser well above threshold and to attenuate the bean by
stops or filiers or both. Another reason for operating well above
threshold is to obtain a constant energy output since small changes
in the threshold level have less proportional effect whan working well
above threshoid.

#ith a TIR crystal, the edge of the chisel point and the axiz

of the cylinder define a plane of symmetry, and one can thin« of the

-78-
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©so hzlves of ihe exiiting fzce, oma on either side of s plene, as
correspending to the w0 ends of z flat-ePed crystzl. Ssc=mse of ike
=2y f:.he rays exe reflecied aromnd the crzsizl zbeot t3Es plame of
symzetiry, the txo bzlves of the fzce shonld rediaie mirrcr-lerge imece
patterns. Tois conl? in fzct be seen in the pzifern of soois Cescrized
ir the wrecedirg peregrash 228 in mer¥s tored cm 2 pol=oild filnp zhen
plzced in the laser bean with ihe lzcer fired clese 2o tirestold,

Tie anguler divergence of the bezn wes messvred phoiozrerhiieally,
L groumd-glass wizie wes placed 227% from the 3zcer. The iz=ge
farmed on this screen when irrzgiated by tke laser ezn was rholograrned
using 2 Polaroid Lend oscilloscope czzmerz coplete with kood, the
grounc~glass screen being fixed over a’::e exd of ithe ool in the
posilion »hich ikhe oscilloscope screen won d nor==11y cccusy. Tais
roved very effective znd sirole, since the hosd eliminzied strzy
Yight and the axposure conld be zdjusted wsing the czzera stops. The
aiternative to this, which would be t0 expose tite firm Girecily io
the laser vezn, would inwolwve adjusiing the initensity of the Texa
with filters and achieving 2 much darksr rooz then #as recessary
with the present technique. Scze of the pholegraths obiained are
shown in Figurs 10 Froz these photographs it can be seen that the
beam has a tright central region surrounded by 2 lower intensity
region, and that an intsrference pattern redistributes the light
into a2 series of parallel bars. The bright central region is rot
circular but spread symmetrically a2bout 2 line through the center

perpendicular to th:e long direction of the bright area. The direction




(a)

(b)

Figure 10. Far Field Pattern of laser Besm. (a) Imput
Energy of 350 Joules (10 Psrcent Above
Threshold); {b) Imput Energy of 550 jouies
(55 Percent Above Threshold), 1/13
Exposure of (a).
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of tkis iire correspods to ine ciraciicm of ike chisa? edze of ios -
TEZ crysi=l. TE= Bright regicm correscents €9 2 bazm of civscgence

0.27° &y 0.35°, =3 e onter regisa correspends £o 2 besm thzd f2l1s

to naglicitle ixtensiiy =t 2 diwesgemre of Q.7°. TEess Zigres zve
scoewtzt mougt, eseeizlly 3n view of tEe InezTity € resporse

of ke Poizriod izps L3I0 £iin ahiich w=s vsed, bai they rroved 2leguate.
The interference peiiern, 23ttough of 1itile comsecrence 2o
ifese experimeris, wzs very interesiins. 2 flat-enxdad crystzl gives
2 peitiern alich is 2z series ¢f comeesiTic n‘.ngsé in comtrast to
tke pressxt peralliel bars, I is texsting o interpret this patiern
of peralie® Tars as <oe i~ interference between the two bez=s frox
the tzo hzives of the crjsial fzce zc €escribed zicve. If this were
t22 correct explzmaiion, koasver, the bars stould pe pzraliel {co the
ckise? edge of the crystal, serezs, as czn be seen froz ihe ohobo-
gratks, tke bars m=¥2 = angle of 12° ¥ ih ihe Girection of ihe
cr3siZl edge, which is the short Grection of &= Gright regicx.

This patiern, therefcre, is not at the mo=eni satisfzctorily

In su=m=ry, the laser is czpstie of delivering up Yo 10 jonles
#ith 2 threshold of 320 jcules and zn efficiency zdove this of 0.33
per cent. The radiation from the crystal is most intense at the
center 23 f213s off towards the perimster of the crystal. The tean
has a brignht central region of divergence 0.27° by 0.16° with an

. . . o}
outer, less intense region of divergence 0.7 .




€. CPIECRE SIS

Oxce tke properties of {he lzser xere calermined, it was possible
{0 €esign 2n cplicz® systen to ghive e regm@red irredizied spob
éizmeiers 2nd radizticn iztensity =t the farget.

Beczuse cf {keir snzll éivergeoce, laser beezs pormally give the
moct intercce spot 2t the foczi plzne of & focosing lens., Sinmce ihe
disiznce beinzen the torgel zmd window ¥2s =boat 312 -in. whez the
m2gret seciicn w2s in place, 2 lems of zt lezst tads foczl length w25
recuired, A& 26-in., thres—siemsnt astigmetic lens wes rezdily avail-
sHle a3 was therefore wsed. With 0.27° for ihe divergence of the

trzl pert of ike beam, the beau w=s bronght o 2 focus 2t the
foczl plane of the lens forming an imsge of 0.075-in. dizzetier, #hich
uzs 35 times the reguired dizmeier. The size of the imaga couvlé
rez3dily be reduced by recucing the divergernce of the be2n., Tnis wes
éore by passing the bezx through 2 telsscope cf 15x ragnification,
the b=z2B pessing frox eyepiece to objective zs skhown in Figure ii.
Wnen ihe divergence of the bean was reduced by 2 factor of 15, ths
bean Giameter was necessarily increased by ihe saxme factor, This
increzsed the tean dianeter tc a value somewhat greater than the
dizmeter of the objective, so that not 212 of the bsam was passed by
the telescopre. The best w2y to consider hon the telescope serves as
an effective stop is to note that the only rays that can pass througn
the objective of the telascope are those rays that pass through the
image of the objective lens formed in the eyepiece. This image is
indicated by I, in Figure 11. If the diameter of this image is di’

then
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Putting in the values used far fe’ i‘o ; and d gives a value Pr di of
o
0.1 in. Therefore only the part of the beam that passes through this
0.1 in. diameter image is passed by the telescope.

The g¢ize of the image I1 formed at the focal plane of I3 is given

By

o |o

vhere a is the ahgle of divergence of the bright part of the beam.
An image of the crystal face is also formed at the plane Iz, ard the

size of this image is given by

where u is the distance from the laser to the telescope eyepiece,
and D is the diameter of the emitting area of the crystal. The
effective stop of the telescope does not reduce the intensity of
this image uniformly over the image, however, since the light from
the crystal face is not anitted uniformly in all directionse.

The exact way in which the intensity over the image is changed
depends on the detailed angular distribution of light from each point

of the crystal face, and this was not known. With u equal to 15 in.,
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however, the diameter of the bean at Io was twice iis diawster at the
crystal face. Since only that light thab rasses through I, (whose
diesreter is 0.1 in.) pzasses through the telesccpe, the light passed
is mainly from the central 0.059 in. of the crystal face. If this
value is used for D; then the diazeier of the image is 0.0035 ine.

This value of D is 2 oinimom value and the calculztiop therefore shows
that the two images are cf about the saxe size.

The distance between the twa images ]’1 and 12 is given by

PR
~= |31 3 .
i’o u

For the system used

i‘e/fo = 1/15 £, = 16 in. u = 15 in.
therefore

x = 0.075 in.

Thess calculations were checked by placing a piece of exposea
polaroid film in the position normally occupied by the target. When
the laser wag fired, silver was evaporated from the film where it was
struck by the laser beam, leaving a white mark. Lens L, was moved

3
in steps of 0.020 in. such that the film was initially about 0.1 in.
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fmlz and f£inzily zbout 0.1 in. from Il‘ A spot was produced
beiwesn Il arxd 1'2 and 2lso a short distance teyond these positions,
which w2s of constant size and whica increased in Gizmeler with
increase in distance away fron this ceniral region. The most
i—portant resuit of this was to show thzt the focnsing was not very
critical. In practice the end of the lzser was illp=inzied a2ni its
irage focused on either the cathods or, ¥hat was often beiter since
it gave a clearsr imege, on the znoce a2t the side of the cathede.
The focusing was done by coving 13. The size of the spot evaporated
froa the filn depended oz the radiztion intensity arnd varied between
0.005 in. znd 0.0i0 in. %hen z piecs of tungsten ribbon was placed
in the same position, however, the irradiated area had 2z central
region of dizmeter 0.005 in., which had been molien, surrounded by
a bright region from which the surface imgpurities had bsgen evaporated.
The diameter of this bright area was 0.010 in. to 0.012 in. so that
the entire 0.015 in. width of the ribbon was heated. Vinen the laser
was fired nsar threshold with the tungster d tbon at 1'2 s the spots
previously described as correspending to the small emitting regions
of the laser face could be clearly seen. 7hen the ribbon was moved
to IJ.’ these disappeared. The size of each spot was of about
0.001 in. diamster corresponding to almost 0.010 in. diameter at the
crystal face.

In order to be able to adjust the position of the beam, the

telescope was mounted on gimbals, with the pivots in the plane of Ie
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A picroceters were used to move the front of the telescope vertically,
and another to move it horizontally. For the lenses used, 0.00L in.
novement of each of these microzeters gave 0.003 in. movement of the
beam at the target. The position of the beam could therefore be
adjusted to within 0.00L in. fairly easily. The gimbal mountings were
in the plane of Io’ so that when the frant of the telescope was moved,
there was no translational mcvexment of I, ard the same part of the
beam was passed by the telescope keeping the irradiated spot of
censtant size and radiation intensity. The slight angulsr movement
of Io had negligible effect on the light passed by the telescope. The
principal alignment of the system consisted therefore in ensuring
that the gimbzl mountings were in the plane of T and that the center
of the beam passed through Io. Once this adjustment was made, I.3
was aligned so that the center of the beam rassed through its center.
The vacuum system was then aligned so that the beam passed through
the center of the window to the target. Finally an image of the laser
end was focused centrally on the target. The target was viewed using
the monocular shosn in Figure 3 in conjunction with a small viewing
mirror., Since the target was close to the focal plane of I.3 and
therefore when viewed in the mirror was formed at infinity, a
telescope in the form of a monocular was required to see it. The
viewing mirror was removed from the beam when the target was being
irradiated.

Since in order to form a small spot it was necessary to reduce

the beam divergence by a factor of 15, the beam diameter had to be
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increased by a factor of 15. More generally, for a given bean, the

size of the irradiated spot depends only on a,, the angle of convergence

%
of the beam at the target. The spot size is inversely proportional
to a, and the smaller the spot size required the greater must be the
sngle of convergence at the cathode.

For the present sxperiments the value of a, required created no
problems. For a beam produced by direct emission, it might be
necsssary, hovever, to place a structure around the bean. In this
case the laser beam would either have to pass through the structure
to the cathode or strike the cathode at an angle. The second alternative
might be possible if the anode was well spaced from the cathode so
that the change in anode-to-cathode spacing from one side of the beam
to the other was not too important. It would not be possible to
eliminate the effects of the tilt completely, however, and this might
not be a practical approache. The alternative of passing the laser
beam through the strugture requires a beam of low angle of converge
and therefore, paradoxically, of high beam divergence, so that a
large spot would be produced. The way to overcome this would be to
decrease the divergence of the beam produced by the laser.

This has been done for a ruby laser by two methods.6 The first
method used a long cavity to reduce the beam divergence, the mirrors
being up to one meter apart. The second msthod used a stop in the
cavity. Both of these methods have disadvantages. The first method

involves using mirrors separated from the crystal, which must be

accurately adjusted. The second method results in a considerable
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reduction of the laser cutput energy, and the stop is damaged if the
laser is fired at a high level for more than a few shots.

These difficulties, which would be encountered in the production
of a beam by direct emission, do not arise in the producticn of a beam
by indirect emission. This shows 2 cornsiderable advantage for the
irdirect emission beam although it may be warth while to overcome the
problems associated with direct emission by producing a direct-emission

beam using the single pulse from a Q-spoiled laser.,

D. PULSED VAGNET

The standard method of producing strong pulsed magnetic fields
is to discharge a capacitor bank C, charged to an initial voltage
Voo through a magnet coil of inductance L, and resistance R. The

damped oscillatory discharge is expressed as

t
v n ,
I= -Zg ° sin {nt/T")
o
wherve
L Y » ’T 2 ]1/2
= 3 T = n(LC) T -T[l-‘;‘—‘;

1/2
1, 1/2 7 |2
% = © [1(7“ '

The peak current is reached at t = '3" T/ and is given by
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If 2 is s2211, the dezping is snzll and the discharge is closely

simasoidzl, so that

1/2

I, (%) (2)

andé

%5 (Lc)ll2 (2)

vhere T is the time for one-half period of the oscillation.
The energy dissipated in joule heating during the first half-cycle

is

o N

when ['>> T; i.e.,

1/2

L
< <}=— .
R r.C)
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The €esign of tke mezpmet coil stzried frox the fact U=t 2
kE2if-period T of zboad 1 oS w=s regired zmd that three 125 pf, 3 kv
capecitors ware evzilzble. Patiing these figires into Bzusiions (1)
and (2) gives 2 valuwe of 260 ¢h recrired for itke induciance of the
coil, and 2 valee of zbout 3,400 & for ihe peak current. TaD r2gneis
were m=de using this design ézta. Tne first was a2 sicgle solenmoid
wound on 2 7/8~in. forcer which was 2 in. icng. Calculziions showed
that for this size magnet five roms of 33 furms ezch of no. 1l wire
would give the recuired ipduciznce. #With the peak cwrrent just given
ard zn infinite solenoid, the peax fizld on the axis would be abent
78 kgeuss, which is more than required. The second magnet corsisted
of two coils wound on a 7/8 in. former each 1/2 in. wide and spaced
1/ in. apart. The required imductance was given by 50 turns of
no. i1 wire wound on each of these coils., Since for this magnet the
number of turns per inch was greater than for the simple solenoid, the
magnetic field for a2 given current was somewhat higher. The coil pair
arrangement also gave a greater length of uniform field than the
simplse solenoid and was therefore used for all of the beam-focusing
experiments. This magnet and the field ccenfiguration are shovn in
Figure 12. The field varies by only 1 per cent over a3/i in. length.
This was achieved by careful adjustment of the distance between the
two coils and by adjusting the number of turns on the coils to give
exactly the same field for the same current when operated separately.
This was necessary since there are only 50 turns on each coil so that

2 one-half turn difference gives a one per cent difference in field.
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FifFure 12. Diagram of Twc-Coil Pulsed Magnet with Field Configuration.
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Zs Iindiczted tre vpeck comrent 3s ssvesal €
cCax {0 swilck tiis crrest 2 B.L.2. 5322 Fmitron m=s tsed. Cxe
tis Eed beem Tired, I condocted inm beth &reclicns a3 Eerefore
2owed ite Iniocizre-coseriicrce dizcizrge o ming i3l a2 {Le
eergy aiginelly sicoed in {ke czmeciiors 222 tesn Gissipeied in
ite Circoit resistzmre, 2xd therefcre rincipelly in (e —=zei,
Sizmce it wes reguired U=l the megmel 2ealing e ot {o 2 mindmem,
iiEs ringing w2s ool dasirztile. %o zvoid TEEs 2 cko¥s m2s inclindsd
in the discherge circoil, wiich sziurzied 2f corrests of 2 fex iems
¢ zmperes, e wEich bad 2n indoeizmce Zoul Tad ordars of megitude
greaier then thzf of ihe megnel then 55t s2icraies =n8 22 order of
=gziteds 2ess tien et of the mgret when szimrzted. Wik {he wse
cf tke choke, tke time oomstent of tie discherge ¥2S much increzsed
2% low carrents a3 2itered very 1ittle for higter carrenis. TiES
Gel=yed the pulse while the cmrrent w=s oW, keeping the crent low
at tke exd of the first kalf-cyTle for 2z suificient lengik of Tize

- =

{abcnt 3105 ps) Lo 2ilcor ihe Iznitron to deicmize. This cuenched the
ripging 2t the end € the first hali-cycle withont sprreciably
aliering eiiner the period or —=2gniiude of the discharge current.
Lt the end of this first half-cycle, the cepacitcers were charged in
the reverse pokrity. In crder to return thexn %0 their originzl
polarity, 2 second discharge circait was used with an identical
Ignitron =nd choke.

The calculzted value of R for the magnet is 0.137() giving a

value for r of 2,08 ms. The amplitude of the oscilla tion should
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therefore 211 £0 3fe in k2 ms. Buoring the first h2lf-cycle, there—
Zeze, the pe2x cmre=i ¥ith losses is oy 13 pec cext less then the
sk coorent witiond Jocses. Im facl {fere wers 2iso losses resuiting
Trom EZe firdie 4 ef Lo cesecilons, which imcrezssd the circmid
resistzzce fo ava_r...c‘.'o.a,ﬂ calcrizted fran ke mezstrad daising
consizrmt. TEEs correspozds o 2 20 per cenb decrszse of {he pezak
cwrezt restiiing from denpirg.

Tt s worth moding that | = 1/2 is 2 constmt for 2 given size

-

2=3 shzre of fte copner confucicr beixrg infepancdent of ihe mzsDer of

s Ny sicce

1
N =

snarsy Stored
ensrey a.s:zmued/cycle

Lz"-- r
2 54

i T

X
O Iy
8|

E

znd £his is therefore 2iso independent of N for 2 given T. The Q

of an air-cored rmlse —=gnet caunoi therefore be aliered by altering
the nuher of turns, bub only by irproving the packing facior or
reducing the resistivity. If T is shortened such that skin effects
tecore appreciavle, the § is further reduced. For the value of T and
thickness of 7 re used, skin effects were not important, and the Q

was such that abont 50 per cen:i of the energy stored in the magnet

-9k

%’:&




P -~

w25 dissipaied in 2 single half-period. This gives a calculated
teperzture rise of 3°C per pulse when pulsed ab maximmn capacitor
voliage. Since the l=ser w#as pulsed only once every 100 sec, this
teeratare rise presented no protlens.

Figure 132 shows the megnetic field produced bty the simple
solepdid for several capzcitor vok ages. From this it can be seen
that the delgy caused by the saturable reactor varies with voltage
and is least for the highest woltage. This is due to less time being
reguired $o reach saturation currert in the delaying choke as the
voltage is increased. The field measurements were made using a coil
of a known number of twrns wound on the end of a lucite rod and
integrating the voliage output from this with a circuit of time
censtant T®, »ith T" being very much less than the length of the
ragnet pulse. Figure 13b shows a field pulse for the two-coil
mgnet. The charge oi slope at the two ends of the pulse can be
clearly seen. The length of pulse for the simple solenoid was 1.0 ms
corresponding to an inductance of 280 ph, and for the two-coil
magnet the pulse length was 0.9 ms corresponding to an inductance
of 265 yh. The measured peak current for V, = 3 kv for ;he two-
coil magnet was 2,00 amperes, which gave a peak field of 66,000
gauss. With no resistance in the circuit, the peak current should
be 3,500 a; with only the magnet resistance, it should be 3,200 a.
The lov value of 2,400 a was due to the low Q of the capacitors used.
Using high-Q capacitors with the same ratings, this magnet should

give 85,000 gauss. 3is pointed out in the section on beam focusing,

N w e et o s o s = et e U
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{a)

20 k gauss/div

(b)

20 kgouss/div

200 ps/div

Figure 13. Magnetic-Field Pulses: (a) Of Simple
Solenoid at Several Discharge Capacitor
Voltages; (b) Of Two-Coil Magnet.
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these values of magnetic fieild are well above those reguires to focus
the beams produced by indirect emission.

Since the magnetic field was produced by this pulsed technigue,
some care had to be taken in the construction of the device that was
to £it inside the magnet. In order not to produce large eddy cwrrents
and thus reduce the magnetic field, any tubing inside the magnet had
to be less than the skin depth ir thickness. At the frequency =f
500 cps used, the skin depth in copper is 0.3 cm and the skin depth
in stainless steel is 2.k cm, Stainless steel tubing could therefore
be used for the tube envelope and copper could not. To check this,

a 3/ in. rod of stainless steel was fitted inside the magnet. This
rod had a hole from one end to the center into which the field probe
fitteds With this in the magnet, the field was fournd to be reduced
by a negligible amount, as can be seen from Figure 1y, which shows
the field pulse btoth with and without the stainless steel rod in the
megnet., With the steel rod in vplace, the field was delayed by nearly
30 ps, this delay being the time rejuired for the magnetic field to
diffuse through the metal. This experiment showed clearly that
stainless steel could be used for the tube envelope and octher parts,
and that its use would not lead to any reduction of the msgnetic
field. The movement of delicate parts, such as the cathode rivbon
and its supports, as a result of interaction between the magnetic
field and eddy currents or other cwrents floving in them presented
more of a problem. In order to minimize movement of the ribbon, it
was kept as short as vossible and one end was insulated from its

suprort to orevent eddy currents flowing through it.

-97-




IC x gauss/div

100 ps /div

Figure 14. Magnetic Field Pulse, (a) With 3/k-in
Stainless Steel Rod Inserted in Magnet.
(b) Without Stainless Steel Insert.
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Iii. DIMIE EXP=ENTS

Tre first exission experirerts ware vericroed with 3 sizdle
diodz. This Giode had a imgsien cathsde ribbon which was 0.0005 in.
thick and 0.015 in. wide. The anode w25 of copper and cauld te =oved
cn its supporiing tube to adjust the ancde-to-cathode spzcing. For
2il ine erperiments, this spzcing was 0.005 in. + 0.0035 in. The
cathode ribbon was counted in tension from to 0.010-in. thick
molybdenua Inugs. The ends of the ribbsn were sandwiched tebween the
tro sides of a nickel strip thzt was bent arcund the ribbon, amd
spot welds were —=de to the rolybdenun lugs. These spobt welds were
sirong enough to kold the ritbon to the lugs, but could be siripped
off the oolybdemm fairly easily, allowing the ribbon to be replaced
when necessary. The tube was mounted from z Varian vacuum flznge
so thzt it could easily be rexzoved from the vacuun sysien for
inspection and replacement of the filement. The pressure achiaved

with this and subseguent tubes was about 107 Torr.

A. REPEATABLIE CURRENT PULSES
Figure 15 shows some typical current pulses obtained with this
diode. They hzve been presented in this way to show that the results

were repeatable. This figure shows, as was expected, a mean emission

curve with a much slower arr] smoother rate of rise and fall of emission

than for the direct emission shown in Fipure 1. Therc are however, a

-t




*AQO2 = A

*£91T1qeseaday BUTAOUS S8IAIND SWI=UaIINy) SPOTd

+——AIp/s7 0G ——

*GT 2amITd

-100-

afe




sumber of spikes superimposed on these curves. The aversge rates of
rise and fall of emission compare well with theoretical values
calculated by 3. C. C‘nen.8

Figure 16a shows the variation of cathode current with anode
voltage and Figure 16b shows the current as a function of the voltage
at three different times during these pulses. Within experimental
error, the current varied as the three-halves powver of the voltages
at the lower voltages, and there was saturation corresponding to
temperature~limited emission at the higher voltages. The emission at
lovwer vo.tages was mainly space-charge limited, but, because of the
fall of temverature away from the center of the emitting area, the
perivheral regions must have been tezperature limited. The areas of
temperature-limited emission and space-charge-limited emission depend
on the laser inout energy, the anode voltage, as well as the time from
the beginning of the pulse. Chen's calculations show a ve-y rapid
fall of temperature, and therefore an even more rapid fall of emission,
away from the irradiated spot, so that under space~charge-~limited
conditions, the emitting svot must be well defined.

The discussion of Figpure 16 treats only the mean current curve
and neglects the existence of current spikes that are superimposed
on the mean curve. The variation of mean current with voltage has
been interpreted as showing that the smission was space-charged
limited, but the current spikes are obviously due to temperature
fluctuations ab the emitting surface oroduced by the spikes qf laser

energy. We therefore have emission which is space-charge limited in
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(ma)

DIODE CURRENT

40

20

20 ma/div

S50 ps/div
(a)
‘/,-——A-—-ZOO Hs
= /
/A
yd 450 us

100 200 360
ANODE VOLTS

(b)

Figure 16. (a) Diode Current at Several Anode Voltages; (b) Current-

voltage Curves from {a) at Different Times During Pulses.
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the normally accepted sense, but which ic also temperature dependent.
This arises because the fluctuations of temperature are much greater
than those with which ons is normally concerned vhen treating a
continuously emitting cathode.

This situation can perhaps be best understood in terms of
Figure 17, which is an estimate of the shape of the equipotentials
and field lines in a plane through the center of the beam. Immediately
above the center of the emitting area is the usual potential barrier
vwhich exists under space-charge limited conditions. The height of
this barrier depends on the temperature of the cathode. Only electrons
with more than a certain energy can get over this barrier. However
electrons can go around this barrier by spreading sideways. The shape
of this barrier is a function of the cathode temperature and therefore
the amount of beam spreading is dependent on the cathode temperature.
In this way the anode current is dependent both on anode voltage and
cathode temperature. Such a dependence of snode current on both ancde
voltage and cathode temperature is predicted for the infinite diode
when electron emission velocities are taken into account, but the
effect is much smaller than with the present arrangement. No attempt
has been made to solve the case of the diode with finite transverse
dimensions taking into account initial velocities, as would be required
to correlate the changes in anode current with changes in the cathode
temperature,

Before comparisons could be made with thecretical emission

curves, it was necessary to know the emitting area and cathode current
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density. 7Toe arez cf the exitiing regicz comld nst be foand frox
Rigere 10 becanse the amount of sprazding of the bezm was not knmown.
1% was rezlized, howegyer, that beam sireacing conld be preveated in
the diods siroly by applying the pulsed magnstic fieid developed for
focusing a2 long elecircn bezz. Wasn this field was applied to the
diode, curreat pulses of the kind shom in Figure 182 were obtained.

A log plot of the maximum arode current as 2 fenction of voliage is
given in Pigure 13b. The slope of this carve is 1.k + 0.2, showing
that, within experimental error, ths current varies as the thres-halves
poner of the voltage. The emitting arsa caliculated from this curve

using Child!s law for an infinite diode ard negleciing the effact of

-5 2

finite emission velocities of the elecirons was 1.03 +#0.2 x 10 =~ cm™.
This corresponds 40 a circular region of diamster 0,005 # .001 in,
which compares well with the valus for the diameter of the intense
central region of the beam at the cathode as discussed in Section II
on the optical system. This was also the diameter of spots burned
in a piece of film when placed in the cathode position. (Further
evidence for these values for the diameter of the emitting region
was given by ths microphotographs of the ribbon after irradiation,
which are presented in Figure 19. The psak current of Figura 18a
was 3 ma, corresponding to a peak current density of 30 +6 a/ca®
and therefore to a peak temperature over the emitting region of
3,125 +25%, This temperature is obtained from the data of

Langmir and J ones9

for electron emission from tungsten. The peak
current that could be obtained in a repeatable manner was L5 ma,

corresponding to a current density of 450 * 90 a/cma. This thermionic
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(a) Diode Current Pulses at Anode Voltages of
v, 100v, 150v, and 250v with Magnetic Field

Pulses; (b) Log-log Plot of Peak-Current versus
Voltage Obtained from (a).
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current density is given by tungsten at 3,640 + 30°K. The melting
point of tungsion is 3,680°K. This therefore shows that the maximm
repeatable exmission was cbtained when the temperature of the irradiated
area was very close tc the melting point of the tungsten ard suggests
that the effects observed when the laser energy was increased above
the value which gave this maxirmm repeatable current were due to the
irradiated arez melting,.

hen the megnetic field was applied to the diods, as has been
pointed out already, the beam was prevented from spreading. This
reduced the aznode current for a given anode voltage and led 10 the
aimost complete supprassion of the current spikes observed when no
magnetic field was applied. This is oconsistent with the explanation
of the spikes given earlier. Once the beam is prevented from
spreading, there is very little variation of current with cathode
temperature under conditions of space-charge-limited emission.

The energy per laser pulse incident on the ribbon that produced
ths maximum repeatable electron current pulses was 0.03 joules. In
Appendix B the value for the reflsction coefficient of tungsten,
when irradiated with ruby laser light at normal incidence, was found
to be 0.56. If this value is correct, then 0.0LL joules of the
incident energy were absorbed and 0.016 joules were reflected. The
figure of 0.0lli joules absorbed is to be compared with the value of
1.7 x 107 joules required to raise the terperature of a 0.005-in.
diameter region of the ribbon from room temperature to the melting

point of tungsten. The mass of this region of the ribbon is a mere
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3.1 x 10° gn. A further 0.8 x 10> joules would be required to melt
this mass of tungsten at constant temperature. The total energy
required to melt the emitting area of the ribbon is therefore 2.5 x
10’3 Joules, which is a factor of 5.6 less than the energy absorbed
per pulse. The reason for this apparent discrepancy is that not all
the laser energy was incident on the emitting area. At the cathode
the laser beam had an intense central region of 0.,005~in. diameter
surroundsd by a region of lower intemsity. The diameter of this less
intense region was approximately 0,015 in. Since the exact distribution
of incident energy over the irradiated spot was not known,it was not
pessible to calculate the temperature distribubtion that should have
been achievcds however, the value of the incident energy is consistent
with the emitting region being raised to a temperature near the
melting point of tungsten.

Figure 19 shows both sides of the tungsten ribbon after 1, b,
and 16 laser pulses. Unfortunately these were produced before the
laser energy measurements had been made, which showed that forced air
cooling was necessary to achieve a constant output energy per pulse.
The laser was here fired every 100 sec¢ with no forced cooling,
Figure 8 shows that under these conditions the laser output falls
with pulse number and reaches an equil brium value that is only half
the energy of the first pulse. For the one and four pulses the energy
of at least the first pulse was sufficient to melt the irradiated
area. As can be seen from the photographs the diameter of this

region is close to 0,005 in, confirming the figure found earlier for
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for the diameter of the exzitting zrea. Por the 16-shot seguence ihe
first shot was fired oply 200 sec after zn 8-chot sejmence. The
crystzl did not haove tics 0 cool completely and therelcre even for
the first shobt of this seguence ths laser eperzy wzs rot seificient o
=21t 211 the irradiated area. Only ire ceniral 0.002 in. wzs melied.
The dark areas on these photograshs are not cratiers or holes buid
regions #ith a very soooth surface which reflected litile light indo
the microscope. On the irradizied side there zppears o be 2 =ocund,
This mey be dne to the exiremely rapid cooling of the metal afier

&

melting, leading to a microcrystallins or even aanisotropic forz of

b

tungsten with a lower density then normal erystallins tungsten. These

L
B

photographs of the cathods afisr irradiztion show that it was possibls
to melt the central region of the ribbon withoul desiroying the cathode.
Figure 20 shows some of the current pulses corresponding to the
shots of Figure 19, Figure 20z is the current pulse corresponding to
the single laser shot. This pulse, like all first pulses in any area
of the cathode, produced a large burst of gas from the surface and
interior of the tungsten. This burst of gas was sufficient to produce
a gas breakdown and a consequent large current of peak value 1 A,
The breakdown was not quite an arc, since for an arc the volt age across
the tube would have been small and the peak current would have been
2A limited only by the circuit resistance. Since the tungsten was
molten for at least part of the pulse, evaporating tungsten may have

contributed to the possible gas processes. The current pulses of

Figure 20b correspond to the secend, third, and fourth shots of the
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Figure 20.

100 ps/div

Current Pulses Emitted from Cathode Area Shown
in Figure 19. (&) Corresponding to Single Shot;
(v) Corresponding to Second, Third, and Fourth
Shcts of Four-Shot Sequence. Vertical Scale is
0.5a/div for Second Shot and 20 ma/div for Third
and Fourth Shots. (c¢) Corresponding to Fourth
and Eighth Shots of Sixteen-~Shot Sequence.
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four-shot seguence. The vertical scale for the upper curve is 0.5 2/cm,
¥wich is similer to Pigure 202. The vertical scale for the other

two curves is 20 mefcn. The exission heare has reached the stable
condition, that is the nonbreazldo-w: condition by the fourth shot.
Pigure 20c shons the fourth and eignth shots of the 16-shot seguencs.
The reduction in current is cdue to the reduction in laser energy.

Again the exission had reached the stable condiiion by the fourth shot
and 211 subseguent shots gave the sams shaps of curve.

The results pressnted so far aGait of a simple explanation. The
tungsten is heated to its melting poinmt or close to this by the laser
enargy that is concentrated in a spot of about 0.005 in. diametere.

The electron emission from this spot is well-understood thermionic
emission that can give up to about 50a/cn® in a repeatable manner.
The cathcde ribbon, which is not processed in any way before mounting
in the tuvbe, is outgassed by the first fsew laser pulses accompanied

by large cathode currents. After the first few pulses, there is little

further emission of gas, and the electron emission becomes stable,.

B. NONREPEATABLE AND BREAKDOWN CURRENTS

Figure 21 shows what happened when an attempti was made to achisve
higher current densities by increasing the laser energy. Here the
enargy is increased by 5 per cent from one curve to the next. The
lower curve of Figure 2la corresponds to the smallest laser energy.
At a current of U5 ma the current suddently jumps to an appreciably

higher value. Figures 21b and 2lc show the current pulse resulting
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Figure 21.
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Diode Current Pulses Showing Transition to Very
High Current Density Emission. laser Erergy
Increased: (a) 5 Percent for Each Pulse; (b)

5 Percent Above Top Curve of (a); (c) 5 Percent
Over Curve in (b).
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from ©wc sussecusat 5 per cent increases in the laser energy. The
carreat sczls chanzes frow 20 ==/div to 200 =/div. Here the breakway

e

from the smooth carve at 2boait kS == can ~lezrly be seen. The pezk
crent rezched w2s 2boud h00 m= corressordirg to z cathode cnrrend
Censity of h,500 a/c:az. The znode volizge for 211 these curves was
cly 250 v 2zd m0 megneiic {ield was zpplied, so that the bez counld
spezd 2nd ihes recuce smace-charge depression. The conduction across
t&e ¢iode of szch =z large arrens mmsit, mowever, involwve soze degree
of srzce-charge mealrzlizztion By ioms. A possible expianation of
these razuitis is that the lower repezisble carrenis were obizined up
o the meitinz-point of fungsten, and thet the break froo the curve

cerrrred 2s the tumgsten melied. The rate of evzporaiion of atoxzs
Trom the s.rfzce increzsed zpTrecizdbly at this roint axd wovided
nificient icns to give spzce-charge nentralizasiion. The work fu~ziion
cZ the meizl mighit 23so chzage apprecizdly 2t the —eliing pojui, as
wonld cerizinly te expecied, since the work function depends on the
siructmre of the omeizl, avd it is this wiich chenges a2t the zeliing
poing. If the work fi :3ion @36 chznge, the aszilzable eleciron
ezission would snédently we at iike moment the tungsien —elied,
end ihis icgether with the incwezsed ion exission o provide space-
ctarge neatraliz. iion would it the obsersed resulis. Uore zork on
4 1is aspect of ihe exission is pecessary in order o provide a better
wier:ianding of the proeesses thai ocaurs
anode potential of

wrrents of Figare 21 were coiained with

zn
oniy 252 wlis. An 2ttezpt to increase ihe diode cwrrent under these
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conditions by increasing the anode voltage led to the current curves
of Pigure 22. Hers the vertical scale is 2 a/div compared with

0.2 a/div for Figure 21, c. As can be seen from Figure 22b, ¢, the
current rises to a large vaiune at a time in the pulse that depends on
the anode voltage. The voltage across the tube does not fall to a
spail value immediately with this current jump, but slowly decreases
s the current increases. About 100 ps after the peak current has
been rezached and thereafter, the voliage across the tube is small

and the current is determined only by the circuit resistance and
capacitance. This is a gas breakdown process which is probably due
to the evaporation of tungsten in the form of neutral atoms and ions
from the cathode surface. After the initizl brezkdoim the large
vower dissipation at the anode should produce intense surface heating,
which would avaporate material from the anode and could contribute

to the fonration of an arc. The repeatability of these results, which
can be seen in Figure 22a, is quite remesrkable,

These rssulis are interesting in that an arc was formed in the
diode in a controlled and repeatable manner. More work is required
to determine whether the process is entirely dependent on the cathode
or whether the anode plays a part in the process. This may be of use
in certain switching applications. It msy zls0 prove interesting
to investigate the extremely high—density plasma that must exist in
this arc. If we assume no spreading of the beam from the initial
0.005 in. diameter, then the electror plasma frequency at 750 v is

71x 1012 cps. Even an order of magnitude less than this would be
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Figure 22. Diode Current Under Breakdown Conditions:
(8) Vg = T50v; (b) Vv, = T50v, 600v, and
500v; (c) Vo = 750v and 600v.
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700 Ge/s. Present intersst in the generation of millimeter and
submillimeter waves may make further investiation of this plasma arc

worth whils,.

C. SUZMARY OF CHARACTFRISTICS OF DICDE EMISSION

Yhen the cathods was irradiated with sufficient laser energy to
bring the irradiated spot close to the melting point of tungsten,
repeatable current pulses of up to 450 a/bm? viere obtained. Increasing
the laser energy lead to higher current densities that were not
repeatabla; then increasing the voltage lead to breakdown above 500v
anode potential with the current limited only by the circuit resistance
and capacitance. This breakdown could, however, be initiated in a
well=centrollsd manner,

Langmuir and Jon939

data on tungsten is available for temperature
up to 3,655°C. A% this temperature the sleciron emission is L8O a/bm?,
and the atom emission is 2,28 x 107% gm/cm?/éec. This atom emission
corresponds to about 10=S cm/éeco, and since the ribbon is I!.()'3 cn
thick the maximum lifetime would be 100 sec. There is evaporation
from both sides cf the ribbon, howsver which would certainly be

greater from the irradiated side than the emission side. A lifetime

of 10 sec would therefore be expected. With a duty ratio of 0,001,
this would be increased to about three hours, which is very short,

in terms of the lifetime of useful devices. It should not bs toc

difficult to move the ribbon perisdically, however, exposing a new

portion of the ribbon to ths lasser beam at regular intervals. In
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this way the lifetime could be made very mmch longer. A length of
about 20 cm of ribbon would give a lifetime of 30,000 hr. In a device
that required a very high current density beam, thic anproach of
using a laser-irradiated cathode could be very worth while in spite

of the necessity of moving the ribbon periodically.

Ko attempt was made to determine the lifetime of the ribbon
experimentally, since the figure of 10 sec corresponds to 105 pulses.
Checking this in a reasonable length of iime would have required a
laser that could be pulsed at rates from several pulses per second to
several tens of pulses per second. Although lasers that can be
pulsed at these rates have been produced, the laser available for
these experiments could be pulsed at a maximum rate of only several

pulses per minute.
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IV. FORMATION OF IONG BEAMS

Since repeatable electron emission of up to about 450 a/cm2
had been obtained with the diode, two simple beam testers were
designed to show that high current density long beams could be
produced. These are shown schematically in Figure 23. Beam tester
A consisted of a tungsten ribbon cathode (as used for the diode)
spaced 0.005 in. from a molybdenum ancde. This anode was 0.02 in.
thick and had a hole in it of the form shown in the figure. The
diameter of this hole on the sids facing the cathode was 0.005 in.

A collector was placed bshind the anode,

This simple gun produced a small-diameter beam from which
information was obtained on the fraction of the beam that passed
through the anode aperture to the collsctor and the fraction inter-
cepted by the anode. No information could be obtained, however,
about the behavior of the beam after it passed through the anode.
Beam tester B was therefare built to show that the high current
density beam could be passed through a tube that had a reasonable
length~to-diameter ratio. The cathode-to-anode spacing for this tube
was again 0,005 in. and the internal diameter of the anode drift
tube wag 0,01 in. This tube was in fact 2 stainless steel hypodermic
needle brazed into a stainless steel block. The length of the tube
was 0.15 in. giving a length-to—diameter ratio of 15. Vhen the beanm
had passed through the drift tube it was collected with the same

collector used for beam tester A.
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The laser beam targets for the two beam testers is shown in
Figure 2ii. The target was viewed through the glass pori through
vhich the laser beam enters the vacuum system. As Figure 2l shows,
the cathode rivbon covers the anode aperture in each case. There
was therefore a slight problem in irradiating the cathode so that the
irradiated area and the center of the anode aperture coincided. Two
slightly different technigues were used.

For beam tester A the position at which the laser beam would
strike the target was adjusted by eye. This was donse by shining a
light on the end of the laser housing and crystal so that an image
could be seen on the cathode ribbon. The centser of this image was
made to coincide with the target as clossly as could be estimated by
using the telescope micrometers. This set the laser beam within a
few thousandths of an inch of the required position. The laser was
then fired with the veltagss applied to the tubs. Some of the beam
passed through the anode to the collector and some was intercepted
by the anode. The laser beam was moved systematically about this
position until the position of minimum interception of the beam by
the anode was found. Once this position had been found, the tube was
pulsed with the megnetic field applied, and most of the emitted
current passed through the znode to the collector.

For beam tester B the technique was the same, except that when
the tube was pulsed with no magnetic field applied, none of the
current passed through the tube to the collector. The 0.Cl in.

diameter of the tube, which served both as anode and drift tube,
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CATHODE RIBBON

Figure 24, View of Laser Beax Targets.
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was large compared with the anode-to-cathode spacing of 0.005 in.,

so that the electric field zt the cathode was smaller opposite the
center of the tube than opposite the edges of the tube. As the laser
beam was moved about the cathode in small steps, the current pulse
decreased when the irradiated spot moved towards the center of the
tube. The central position was therefore found by finding the position
of minimim cathode current with no megnetic field applied. When this
position had been found, the laser was fired with the megnetic field
pulse applied to the tube and most of the emitted current then passed
through the drift tube to the collector.

Figure 25 shows the maximum current pulse ottained without break-
dovm for beam tester A, The peak emission current was 60 ma of which
50 ma passed through the anode to the collector, the remaining 10 ma
being intercepted by the anode. The beam transmission through the
anode was therefore 85 per cent. This current pulse was obtained
with a 500~v anode voltage and therefore the maximum beam perveance
was 4.5 x 10”6. This perveance is appreciably higher than the
perveance of beams used in most microwave device applications. The
current pulse shown in Figure 25 is somevhat jagged. This was found
to be due to misalignment of the telescope, which resulted in some
of the laser spikes being transmitted by the optical system with
less attenuation than others. The effect of these spikes was thus
enhanced and the temperature fluctuations at the cathode were
increased, producing the jagged emission pulse. As a reamlt of this,

the method discussed in Section II for aligning the system was developed.
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Figure 26 shows the result of increasing the laser energy in an attempt
to obtain more emission. The current suddenly increased after it had
reached 50 ma. This result is exactly the same as was observed for

the diode when the leser energy was increased above the level that

gave U5 ma peak current. As suggested in Section IIT on diode
experiments, this sudden increase in current probably coincided with
the relting of the emitiing area.

Figure 27 shows the variation of anode and collector currents
with anode voltage. There is an approximately three-halves-power
variation of current with voltage up to 200 v on the anode above which
there is little increase of current vwi*h voltage. Under space-charge-
limited conditions there are virtually no current fluctuations
resulting from temperature fluctuations at the cathode. As the anode
voltage is increased and the emission becomes temperature limited, the
current fluctuations increase in magnitude.

Figure 28 shows typical anode and collector current pulses
obtained with beam tester B. The pseak current passing through the
drift tube was 30 ma with only 2 ma to the drift tube. This corresponds
to a beam transmission through the drift tube of 9L per cent. The
anode voltage was 600 v and therefore the beam perveance was 2.0 x 1 ‘6.
If uniform current density in the beam and a diameter ratio of 2 is
assumed between drift tube and beam, then Equation (26) shows that
the outer edge of the beam would be a potential L. percent or 26 v
below that of the drift tube and that the axial electrons would be at

a potential 1.6 per cent or 9.6 v below the potential of the outer
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slsctrons. Th2 Brillsein field fov this bean was therefore L,680 gauss.
Yhen the magnebic £3x1d was pulsed zb the Brillouin value, most

of the current wad iritercepiad by the tuby, serving a: both dnode

xnd drift bube, a.na only 10 par cent. wars transyitted w the collector.

W 2a the magnetic field was increased 3¢ twice thé B -illouin field,

hoaa7sr, ths high transmission shown in Figure 28 was obtained..

Inc=aza v the mgnetic fisdd %o fTonr “iaes the Brm.llouin field, that

is to 04 -3 geass, resulted in no feriher change in beam curreut or

heam transmiss e

From Bquaii+ (18) &ad (22) we find that with B, = By and
s i . .
k =2; then =~ & ana max/ b z:rmp 3,2, The mean diameter

of the scalloping bear: ... | therefora be J.01 in., which was the
diameter of the drift tube, and the maximum uiameter of the beam
would be 0.015 in. This fits in well with the fact that most of the
current was intercepted by the drift tube under these conditions.
Increasing the magnetic field to 2By gives rmax/ rmin ~ 112}
therefore the maximm diameter of the beam would be about 0,0055 in.
This again fits the experimental data that under these conditions the
interception of the beam by the drift tube was small, rFurther increase
in the magnetic field reduces the scallop ratio and therefore should
affect the interception only slightly,if at all. From this it can be
seen that the behavior of the beam was as predicted thecretically
and that the required focusing field was about 10,000 gauss.

The effect of increasing the laser energy above the value which

gave the pulse of Figure 28 is shown in Figure 29. The beam current
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Figure 29. Current Pulses for Beam Tester B. Upper Traces
are for Anode (and Drift Tube); Lower Traces
are for Collector. (a) V, = 5T0v, V, = 800v;

(b) v, = 600v, V_ = 800v,
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increased but at some time during the pulse thére was a sudden increase
in the collector current and an equal and opposite change in the
collector current. (Thess changes appsar separated by 30 ps in

Figure 29 but this is due 6 one of the traces being displaced with

" respect to the other). These discontinuities are due to a gas

discharge in the region between these two electrodes. A discharge of
the Penning type iz likely to form fairly readily in this region
becausa of the strong axial magnetic field and the high current density

in the main electron beam.
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V. CONCLUSIONS AND RECOMMENDATIONS

The aim of this work was the investiéation of indirect emission
from a laser-irradiated tungsten cathode, since it was thought that
this would give much smoother current pulses than those given by
direct emissicn. This has been found to be the case., Smooth
repeatable current pulses of up to 450 a/cm? have been obtained from
such a cathode and it is thought that these repeatable current pulses
were emitted by the cathode when the temperature of the emitting
surface was below the melting point of tungsten. The high current
density emission obtained when the laser energy was increased above
the value that gave the repeatable results has not been studied in
any detail, mainly because breakdown occurred very readily under these
conditions. Two beams were formed using indirect emission from a
laser cathode. These beams, which were focused by a pulsed magnetic
field, had current densities up to the repeatable value of 450 a/cm?
and were of high perveance., High current density beams produced in
this way may find application in the generation of millimeter waves.

This study of indirect emission from a laser cathode is part of
a larger study of the feasibility of producing high current density
electron beams by irradiating metals with a laser beam. As pointed
out in the introduction, the laser pulse used for the experiments
consisted of about 100 separate spikes and indirect emission was used
to average out the effect of these separate spikes. Laser puises can

now be produced, however, which consist of a single spike instead of .
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a train of spikes. Pulses of this kind were produced using the
technique of Q spoiling. These pulses can tie produced with repeatable
amplitude and length and therefore may produce revneatable electron
emission of very high intensity directly from the irradiated surface.
If tnis proved to be the case, then the beams produced may be more
useful than those produced by indirect emission. The next step in
this program will therefore be a study of electron emission from metal
surfaces when irradiated by the éingle pulses from a Q-speiled ruby
laser. When this stage of the program has been completed, it will

be possible to make a comparison of the relative merits of the beams
produced by each method and therefore to decide which is the best

for a particular device application.
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APPENDIX A, MAGNETIC~-FIELD FOGCUSING OF LONG ELECTRON BEANS

In order to focus the high current density beams produced by
emission from a laser cathode, it is necessary to use a strong
magnetic field. Two principal methods for focusing a beam using a
magnetic field are Brillouin focusing and confined focusinge.

When using Brillouin focusing the beam is injected from a
field-free region into the focusing field. For confined focusing

bhe gun is immersed in the focusing field. Each method has its

‘advantages.

1. EBRILLOUIN FOCUSING

Consider a beam of uniform carrent density with no angular
variation of field or beam parameters. This beam is injected from
a cathcde at which the magnetic field is B, into a region in which
the magnetic field is Bz‘

The Lorentz force equation for an electron a distance r from

the axis is

1t []
r~-r 62

$
- - 7I(Er+ B,r ) (3)
1
where 7( is the charge-to-mass ratio for an electron, 6 1is the

angular rotation frequency for the electron, and Er is the radial

electric field at a radius r. From Busch's theorem,

Y Pl

(B, r? - B, ri) (L)
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rO being the distance of the electron from the axis at the cathode.
The radial electric field inside a beam cof radius rb and current Io

is given by Causs's theorems:

_ L r
EI‘ - eﬂ%UO ;2' (5)

The current density in the beam and the axial eleciron velocity‘Uo

ars assumed to be uniform. The equation of motion for an electron

at r is therefore

7( Io T 2 rh 2
T = =~ + lo 2 -0 (6)
€ U, 2 o U 2
b
vhere o = GQ/Q)BO, the Larmor frequency at the cathode and @ = a?/Q)Bz

the Larmor frequency at the electron. From this it can be seen that. -
"

r 1is a minimum for fixed values of the other parameters when @, is
zero, that is when there is no magnetic field at the cathode., This

condition leads to the most efficient use of the magnetic field and

will therefore be assumed in the following analysis.

1t
If r is set equal to zero for all electrons, thsn for nonscalloping

beam to be produced, one condition required is

2 _ 7110
o =

L 2n€;Uorb
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and therefors

21 5
B= ——s =B . (7)
nT(GOUOrb

The value of the magnetic field that satisfies this condition is
called the Brillouin field and is denoted By as indicated. A second
-condition on the formation of a nonscalloping beam is that the beam
be injected from the cathode region into the uniform field region
such that at the equilibrium radius the radial velocityl" is zero,
that is, so that 1" = 0 when ; = 0, The injection conditions are
therefore important in the fommation of a nonsca2lloping beam.
For an equilibrium beam we have from Equations (5) and (6),

- B =§_\—r=

r ar

2
B

i

Integrating this gives

2
rR2

2n L

V= Va+
vhere Va is the potential on the beam axis. Now

@)° + (r8)" = 2NV

but from Equation (2), when
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Therefore

s R i:“,,‘o e .

o~

2= -/—z-ﬁ;a = 'uo (8)

and 211 electrons have the same longitudinal velocity LA corresponding
to the votential on the beam axis. This justifies our earlier

assumption of a single velocitye. Putting the value for u o in Equation

(7) we f£inally obtain

2 [21,

B, = . ($)
1/2 2
B n 3/ 2€° a/ b
" A beam which satisfies Equation (7) and has been injected so thatd

# = 0 when r = O is therefore one which does not scz2llov and in
which all the electrons have the same longitudinal velocity u, and
the same rotation frequency - Such a beam is called a Brillouin

beam.,

2. COHFINED FLOY

Consider now the case vhere the cathode is imersed in a wiforu

field B , so that B, = B,. Then from Equation (6) with o, = o 5
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From this, the equilibrium conditior for an elsctron, by putting

#*=0, is
2 Ut
d _ 12 B 5 | ]
M= ¢ | = | (11)

where r' is the equilibrium radius for this eleciron. Froz Gauss!s

theoren,

where G (r) is the charge density ir the bean which mey vary with r.

Also

= 3
e = u(r)

shere J(r) is the current density and u(r) is the elsctron velccity;

therefore

T
E = 1 J(r) 2nrdr . (12)
T 25€r u(r)
¢ “
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In the anaiysis of Brillouin flow it was 2ssuaed that the Tean
was of uniform current density and singie velocity so thzt it had a
umifora cherge density. It was then shown that under conditioms of
Brillouin flow these a2ssumoiions were vzlid,

For confined flow however, it is not possible to wroduce a
single-velocity beam. The singie-velocity beazm of Brillonin flow is
due to the combined effects of space-chzrge Georession and beam
rotaticn. Tre potential increases zmay frox the cealer of the bean,
but this increzse in potential is exactly cozpensated for by an egrmal
increzse in roiational energy for 211 elecirons, so that the
longitudinal energy remins constant. For confined flow there is
less rotation of the bean, and the axial electrons itravel more slowiy
than the cuter electroas by an amomnt that depends on tke potentizl
depression.

Therefore zn effective sleciron velocity uc(r) czn be defined by

T
J(=z)
i 1ﬁ2udr
u(r) = T (13)
] 3(x) 2nrdr
o
and
1%
u(r) = (277,(r)) (1k)
Now

F(r) 2nrdr = I(r)

o
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where I(r) is the crzreat within 2 rzdius r. Co=bining Eguziions

(32), (32), ang (23)zives

g = I(r) = i(x) . (15)
T 2n€ one(r)r 2n€ o5 VZTI ‘E’e(r)

1 _(ro)h - EI(I‘)

. (15)
3 3/2.2.1/2 12
T ﬂfon /232‘71‘/1-
Rolloring Pilerce, Lt

(=) i(r) a7)
r)=—""" . l?

J 2= 507:3/2 2 /2 2

c

Eguation (16) then becomes
Y 142
(—-) -2g(r)(£-) -i=0
To

Yo

for which the solution is

(%) - [(k2+1)+k]1/2 ]

For usabls eleciron beams r/r ~ 1 is required; therefore k <<1, so
o
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(28)

e zre essentially concerned with determining the shape of the beam
envelope. Let r{) be the equilibrium radius of the beam and Ty, the
radius of the beam at the cathode; therefore from Equaticns (17) and

(18)

1 IO

r =T 14— . (19)
P “bo 3/2 2 2
22 €N BV, T4,

As Bz increases for a given cathode current density and beam voltage,

r{) tends to Tio’ that is with increasing magnetic field the electrons

are constrained more and more to remain at the radius at which they

left the cathode.

Now ccnsider the ripple on the beam. Iet

rb=r; (1+6(t,) .

From Equations (20) and (11)

L L
. e - 2 r' rbO _ -7 rbo - l
b4 [T (ZE T b|
b b
thersfore
b L
oo _ 21| oo 1
,=r O)L 3 (1+6) -13—(1 +1
T a+0) T
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Now

b g¢2

and if 6 is assumed small, 1/(l+(5)3 can be expanded in Equation

(20) to obtain

h
2 2 r, |\
a0 . 1+ 3|22 .
d’c.Z 6)1‘6 (rb }

The so*ution to this equation is
(S-Cl cos a.mLt + 02 sin a aLt.,
where

r L 11/2
a= | 1+3(=2 :

At the cathode t =0, r =r , and cﬁ/dt = 0; therefore,

b bo
1
r, —-7Tr
(S= __b___'__b_q_ cos (a coL'b)
"

and

! t
r, *r, + (rb - rbo) cos (a mLt) .
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The electron beam envelope is therefore given by

C%Z

u

1 | §
rb(z) =T +(rb - rbo) cos

where u is the velocity of the electrons. This beam envelope is

shown in Figure 30.

UNIFORM MAGNETIC FiELD, By

+

CATHODE

Figure 30. Beam Envelope for Uniform Field Confined Flow,

The minimim beam diamet.r is rbo and the raximum diameter is

1
2 T, - rbo': from Equation (21) therefore,

r

=1+k .

In ordsr to compare this focusing with the Brillouin focusing

discussed, express k in terms of BB

-143.
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With the beam radius T equal to that of the Brillouin bean, rB, arnd

with the effective beam voltage Vgs equal to the voltage on the axis

of the Brillouin beam, one obtains

2

r B

mx L1412 ] (22)
Tain 2 \Pa

If in

Equation (22) B, QBB , then r maJerin = 1.12. A magnetic field
with double the Brillouin field strength therefore gives a beanm
with only 12 per cent scallop and a mean diameter only 6 per cent
greater than the diameter at the cathode.

It is now possible to compare the two methods of focusing.
Brillouin focusing gives a single-velocity beam with zero scaliop
ard requires the minimum magnetic field to focus a given beam. It
is necessary, however, to shield the cathode from the magnetic field
and to design the gun so that the beam is injected into the magnetic
field with tha appropriate radius. Confined focusirg produces a
beam in which the axial slectrons travel more slowly than the outer
electrons and in which there is always some scalloping. A confined
flos gun can bs extremely simple, however, since there is no problem

of injecting the beam into the magnetic field, and by increasing the
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field to only double the Brillouin value, an acceptable scallop ratio
is obtained. A further important point is that for confined flow
the stronger the magneticfield the better the focusing, and therefore
the value of the magnetic field is not critical. For Brillouin flow
on the other hand, the value of the magnetic field is criticale. If
the field is increased above the Brillouin value with the same
injection conditions, these injection conditions will be unsuitable
and the beam may scallop more than a confined flow beam with the same
magnetic field. Also for Brillouin focusing, when Bz is greater than
BB’ the outer electrons travel more slowly than those on the beam
axis and in an extreme case these elactrons can stop altogether and
turn back. For these reasons and because very strong magnetic fields
generated on a pulsed basis were available, confined-flow focusing
was adopted. This allowed the use of a very simple gun with which
beams with a wide range of currents and voitages could be readily

focused. Putting some numerical values into Equation (9) gives

1/2

I
B =8.3x10% 2 (23)
B Ky,

a

and

3 1/6
I1/3 /

By = 8.3 x 107 o P (2L)
r

where the perveance p is defined by
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The ‘total current I 1is simply given by
o
I = 2J 2
o = 1T (25)

where J is the current density.

Equations (23), (24) and (25) are plotted in Figure 31 for a
value of r = 0,0025 in. Equation (23) is plotted for several values
of V_ and Equation (24) 1is plotted for several values of pe

For a confined-flow bear in an infinite magnetic field; the
maximum theoretical perveance is 32.5 x 10'6. When this perveance
is reached, the potential on the beam axis reaches an unstable value
at which it drops abruptly %o zero. The p = 32.5 x 10"6 line of
Figure 31 therefore represents the maximum value that can be achieved
theoretically. In practice for a solid beam it would not be desirable
to use a perveance much greater than about 5 because of the velocity
spread in the beam. The repeatable current densities achieved with
indirect emission were about 450 a/cm? corresponding to a current of
50 ma. At perveance 5 x 10~ the Brillouin field for this beam is
6,000 gauss and therefore a field of twice this strength is 12,000
gauss. With a pulsed magnet, a field of 70 kgauss was easily produced
5o there was no problem in focusing this beam. With this magnetic
field and beam radius and a perveance value of 5 X 10-6, it should
be possible to focus a beam of 7 a at 10 kv. The current density in
this beam would be 6 x th a/bm?. Current densities approaching this

value have been obtained using direct emission. Such a beam, if it
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could be achieved, wonld bave 2 power of 70 lor and would fherefors

be extreaely usefcl in generating millinetsr waves at high powers.
Eqeation (23) shows et for consiant voliage, By is proportiozal

T~ iz sgnars ool of ithe bsaz cworent Censity. By increasing tea
beans Giameter therefore, even larger currents could be focused using
this magnet field, Thssz figures illustrate clearly that using 2
pulsed magnstic fisid of 70 k gauss it shounld be possible %o focas
bea=s with current S:=nsiciss very mich larger then havs been achieved
using indirect exission and larger even than {hose which have bsen

achieved using direct exission.

3. TENTIAL DEPHESSTICN RESUITING FROMY SPACE CHARGE

For a cylindrical beam of uniform current dernsity J and radius
T, traveling through a metal cylinder of racdius r ° at a poteniial
Y% the potential or a diameter is of the form shown in Figure 32.
I4 can readily be shom tmt outside the bean, the potential is

given by

1
1/2

2n(-§;°—) €,

V=V -
r o

r
o
P o toe H

and inside the beam the potential is given by

r 2
- 1 o 1 T -I
V.=V - \'j — = -] =
i ° 23 1/2 o | ra)+l" @ 1‘2 J
2ani3) €, a
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For beam tasier B of the exerimenis, (rolrz)=2; therafore

Ow ,
1 -3,%11&91%.2:2.191102’21 (26)

=
‘o

7.
6 2 —335¢ 10& = J9x 10!1? . n

Yo

i 1]

In this czase therafore the potentizl deprsssion from ths walls of
‘the tubs to the bean was nsarly three times the depression inside
of the beam.

Fron Table 1 it can be sesn that a beam of perveance 5 has
only a li per cent change of voliage from the axis o the outer edge.

Corresponding to this voitage range there would be a 2 per cent

spread in velocitiss. The potential at the outer edge of such a
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Tie opiical properties of a meizl of isterest zves

2. TEhs fracliom of i&s incident lighi =bsorbed, 1-3, where R
is the refleciion coelficient =23 is 2 fenclicn of &2 zrgle of
incidencs, the polzrizaziion of the lizhi, znd the frecmercy c.

b. The cherzcleristic zbssrpiica depih or skin depth 6 in

which the eluyiromegnetic fields 211 to ife of iheir walmwe =% the
interfzce.

c. The mizotoeleciric cicrent expected for 2 given radiztion
intensity.
Properties 2 and b, which are relevant %o the kealing of ithe surface
and therxicnic e=missicn are the r2in Topics dezll with in ihds
section, zmd only 2 few coarsnis relavent Yo pholceleciric cwrent
are =ece,

In the most elezentary treztoent of the opticzl propertiss of
2 metal, 2 macroscopic nodel is used.m’n The electro=agnetic
radiation is comsidered incident on an isotropic medium characierized

by a cozplex refractive index X, or by what is equivalent, a complex

dielectric constant €, then

_}_€_=n+ik

and
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where n 3s the real refractive index, k is the extinction coefficient,
and €1 is ihe rezl and €2 the irmzginary part of the compiex dielectric
constant. The propagation in the mecdium of 2 plane electromagnetic

wzve of freguency w znd z=plitude E is described bys

-___:‘t ie{t - X)
c

Z=% e e

o

soft - %":)

- Eo e . (28)

The skin depth and reflection coefficient are related to n and k as

fcilowss:

6= & (29)

gn-l 22 + k2
R = % - (30)
() + k

Equation (29) follows directly from Equation {28) and Equation (30)

is obtained from the zondition of continuity of the tangential
component of E and the normal component of H at the vacuum-metal
interface. By applying Maxwell's equations to the metal, n and k

can be related to the macroscopic properties of the metal; that is,

to T, the d-c electrical conductivity, p the magnetic susceptibility

(which is taken to be one for nonmagnetic materials), and € the
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dielectric constant. This gives

€1+i€2'(h2-k2)+i2nk=u€+i

Equating real and imaginary parts gives

1
C ¥
€ =o2nk= .
2 o€

For frequencies for which this approximation is valid and for metallic

conductivities,
4
G— §
(_‘i) >> 1
20€

and therefore

n?® k’L”(g_c’LL )1/2
2m€0

1/2
ng, Vup 5

a . 1/2
R=1-2(

20 €
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These are the classical reiaticnships found to be valid for metals
for wavelengths up to 1073 ca, that is up to the far infrared.
If they are applied to tungsten a2t zbout rooa temperzture for the

radiation from a2 ruby lasef, the following values are obtaineds

n=k=20.4
O =sh &°

R = 0,9 .

The radiation, of which 90 per cent is reflected, is zbsorbed in a
depth of 5h.5%; that is; a few tens of atomic layers; and the
wavelength in the metal is 350°A compared with 7,000 & for free spacs.

These values for tungsten have treviously been used to calculate
the thermal response of the metal to laser irradiation and fortunately
are of the right order of magnitude, although the theory is not valid
at this high frequency. In order to see why the theory is not valid
it is necessary to consider the microscopic model of a metal and the
processes involved in the interaction of radiation with the metal.

The metal consists of a regular array of atomic cores; which
are the atomic nuclei with their inner electron shells. One or more
of the elsctrons of the outer shells of each atom are virtually free
to move through the metal and form an electron "gas.® By neglecting
the interaction of these electrens with each other and considering

the elactrons to be in states described by wave functions that have
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the spece periodicity cf the lzttice (Bloch waves), each elactronic
state can be characterized by = wave vector k. Ia iae periodic
potential of the lattice, it is found that only cerizin energy bands
are available to the elecircns, and between zre energy gaps or
forbidden bands. Elecironic wave finctions with the periodicity of
the lattice ars not scattered-by lattice centers in their eguilibriun
positions and therefcre erergy canmot be tramsierred froo the latiice
to the electrons or vice versa. It is only when the lattice centers
zre disturbed from their eguilibrius posiiion that they can scatier
electrons, and they are disturbed from equilibrium only when excited
into one of the quantized oscillator states. The elecirons therefore
interact only with the excitations of the laitice, these excitations
being called phonons. When an electron interacts with a phonon there
is a transfer energy hlf either from phonon to electron or vice versa;
electrons cannot make elastic collisions with phonons. We ncw consider
the interactions of quantized radiation, i.e., photons, with the
electron~phonon system.

When a photon and electron ®collide,* the electron is excited
-to a higher energy state in a quantum jump and the photon is annihilated
only if empty states are available at the appropriate level into which
the electron can be excited. Ancther condition on this excitation is
that, in the so-called reduced k space, k = kg, or in other words,
bk = 0. This is an expression of the conservation of momentum (the
momentum of the photon is negligible comparsd with that of the electron)

and restricts the electrons to jumping only between states in different
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bands with the same value of wave vector.

Por a simple photon-¢lectron collision therefore, only interband
excitations are sllowed; intraband excitaiions, that is excitations
between states in the same band, are forbidden. For a system in which
the bands do not overlap or for which there is a gap between the
highest occupied level in one band and the lowest unoccupied level in
the next band, there must te a threshold frequency for this prcéess.
This is in fact the c se for all metals, In order to explain abscrption
of radiation at low frequencies, :herefore, we need to look at another
process, that of the simltaneous interaction of a photcn, an electron,
ard a phonon. In this injteraction, mementum is conserved without the
restriction sk = 0, so that intraband transitions are possible if
appropriate electronic states are available into which the electrons
can be excited. Similtaneous interaction of a vhoten and -an electreon
with the surface potential barrier also allows intraband excitationse.
Having been excited, an eleciron may, if it has gain sufficient energy *
and is clcse to the surface, escape from the metal, This is the
photoelectric effect. All other excited electrons urndergo interactions
with the phonons giving vp their energy to the lattice until the

electron and phonon gases are in thermal equilibrium, Another possible

process is the collision of the excited electrons with other electrons

with the transfer of a much larger fraction of their excitation energy

[P 2

per collision than for collisions with phonons. Elsctrons close to
the Fermi surface can only exchange energy with a few other electrons
which are also close to this surface and therefore in general (for

example at low frequencies and espscially for d-c conductivity
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calculations) the electron-electron mean-free paths are long compared
with electron-phonon mean-free paths. However an electron in a highly
excited state can interact with many other slectrons, since it can
raise these above the Fermi level in a collision, that is to an encrgy
region where there are many unoccupied states. Hence the mean-free
path f highly excited electrons is very much less than for electrons
near the Fermi surface, and electron-~electron collisions become an
important process of energy exchange for these electrons. It is
possible that electron-electron collisions are more powerful in
preventing highly sexcited electrons from escaping from inside the
metal near the surfacse than the electron - phonon collisions, vhich
are nearly elastice.

Two other possible processes are of interest.

1. The interaction of two photons simultaneously with an electron
and either a phonon or the potential barrier at the surface; this
would make possible photoelectric emission for incident frequencies
lower than the normal photoelectric threshold, so long as the frequency
was more than half the normal threshold valuse.

2. Interaction of a photon and a phonon with an electron that
had been excited to a higher level and had not undergone sufficient
collisions to return it to an equilibrium state. This could influence
photoelectric emission as in process l.

The probability of process 1 taking place is proportional to
the square of the incident phonon flux or the square of the radiation

intensity ard is therefore possibly of interest in the radiation
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intensities achievable with a puised ruby laser. Process 2 is also
proportional to the square of the incident photon flux. In the very
high temperatures produced by laser irradiation, there may also ba
sufficient high-energy electrons on the tail of the Fermi distribution
to give appreciable photoelectric emission. Under the conditions of
high temperature created by laser irradiation, it is difficult to

see how photoelectric and thermionic emission could be differentiated
experimentally,

In order to calculate the optical properties of a metal it is
necessary to calculate the probability of the various possible processes
described above using simplified models. For the relatively simple
alkali metals of the noble metals which do not have the Fermi surface
in an overlapping band structure, much of this has been done and good
experimental agreement has been achieved. For other mwtals, however,
most of which have an overlapping band structure (as does tungsten),
the problem is even more complex and had not been solved.

Although the full quantum mechanical problem has not been
solved, a useful method is the semi-classical approach. In its
simplest form, this gives good agreement with theory for the noble
and alkali metals, but not for more complex metals. By extending
it in a somewhat empirical way, howaver, the model used can be made
to fit these other metals.

Following Drude 12 the electrons in the metal ure assumed to
be free and to have a mean collision time T with the lattice. The

electrons are accelerated in the incident electromagnetic field
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and give up the energy they have geined in colliding with the latlice.

The equztion of =piion is

—a—z';E——v - -
At T

If X degends on the time as o s 2 solution of this is

- ek

V = ememt—— .
n (iw *h% )
Bence the current density is

2 \Jy
== —2_ g
14+inT

J = 1
n(ie +f )

Go
1+032T2

- _+9E
J (B Tﬁ) .

The first term is the conduction current, the second the displacement

current; therefore

Co 1+ » T2
and,
hnr 6~
e = 1 - 0 .
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Therefore fc

i <<1, O, G;
indicating tkat the classical thesory given ezrlier is wvalid,

In order to ma¥e this model fit the expsarimentz) valuas of the
measured optical properties for tungsten znd nickel over the weveleangth
range 0.365 p to 2.65 p Roberts, 3 following Drude, assuned not just
ons class of free elsctrons but two, each with a different relaxation
time. This is a soremnat gmpiriczl extension of the thsory amd Roberts
does nnt attespt to fit the second group of electrons to any excitation
process in the netal. The first group having the longest relaxation
time, are mainly responsible for the d-c and loa-frequency
conductivity of the metal; the second group, having a relaxation time
more than an order of magnitude less than the first group, make
significant contribution to the conductivity only at high frequencies
(infrared and optical). Perhaps the Jhort relaxation time of the
second group of electrons is due to electron-electron collisions,
which become important only for highly excited elsctrons and therefore
for high frequencies. For these highly excited electrons the mezn-
free path should be of the order of the interatomic spacing 1lli, which

is of an order of magnitude that agrsss with Robert's data.

2. EXPERIMENTAL DATA

Since we are concerned with the reflection and absorption of
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redizticn 2t 2 suxfzce, the coitions 2t the surfizce =we, from ke
expesine=izl point of view very imporizst. Wikout czre i&e restits
c2n be more Cesendent cn Lhe s—fzce th=m on the Bk metzl. £
polisked strfizce, for exznzile, bes beeon sbowm o comsist f 2 Ezgyer
of zxerpbozs materizl a few ingsirem pxdis thick Doliow which is 2
microcryst2lling Jzyer that can W up fo seversl brmdred 2ogsizem
wiis thick; tket is, thicker ifen tke skin depih, The 12ck of cxdsr
in the azorphous lazyer zmnd the meny crysizl beundzries in {he mcro—
crystalline layer profcanddy affect the ogpiticz2l properiies.

Tne dost imooriant dzia availzble for tungsiern is thal of
Roberts who used tungsten, recrystzllized by Reziing in a2 vzcrzm
and then chezically etched. From Boperis? dzte, plotied in the form
of curves of the real and imzginory part of the dieleciric censisnt
obtained by measuring the reflection coeificient s a2 function of
angle of incidence for light polarized perpendienlar znd pzraliel

to the surface,

therefore
k"!n? - k2:= Ei

”n
kK =2nk = Eé .

From these are obtained
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. a= fr o= @2
k-vfr—sinﬁk

LTS
2 =242

k
t&ﬂﬁz—r 'S
%

t 2 w=veiazzin of 0.7 t&= va2lnes chizxined zre

these are optained

n’h-o k=’3¢1h
0= 360 2
R = 0.56 1-R=0J

Therefore i per cent of tke incident radiation is absorbed in a
layer of depth 360 i, and the wavelength in the met2l is 0.17 ¢

compared with a free-space wavelangth of O.7p.

-163-




It is ooleworiy thal for Right polzwized c=rzliel io ire pizma
of inciderces, maximw zbscrpiion does mot occrr 2t mormel incidscce
bt 2t scoe other mgle § called the mrincipsl engie of incifence,

__ 35
givirg

3

(n'm) +

1
cos

oy
X

2 =
jod

(= 2

2 2
) +E

y /2

s=‘.n¢%aa¢=n(1+kz

where Bn is ihs refleciion co=fficient 2t the principel angle of

incigence. Feor tomgstexn these Zivs

g = 8&°
R, = 0.3

(12)) = 0.7 .

For r»lzne polarized light incident on 2 tungsiern surface at the
principal zngle of incidence of 85°, the absorption coefficient is
therefore 0.7. This is significantly higher than the a2bsorption

coeificient for norm=l incidence.
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LFPEOTY C. CONSIDZRATIONS OF LASER RECWIREMENTS

The energy reguired fo relt a 0,005 in. diameter region of the
0.0005 in. chick tengsten ribbon is 2.5 miliijoules. Assuming an

-~

sbsorbiion coefficient of kS per cent, gives a reguired incident

,
Jt

energy of 5.5 =illijonles. This figure is a factor of 103 less than
wz2s availzble from the laser used for the experiments. In any
applicztion it #»uld be desirable to use a laser that gave the required
energy with meximn efficiency. This would involve woridng well
zoove threshold, therefore 2 sm2ll ruby crystal of approximately one
thousandih the volnse o' the present laser would be required; that
is, a crystal with a length of 0.6 in. long ard a diameter of

0.25 in, if the present crystal were scaled by a factor of ten on
a1l dicensions. The reduction woculd increase ths surface-to-volume
ratio by a factor of ten, thus easing the cooling problem. If this
sr211 laser could be made to have ths same efficiency as the present
jaser, the reguired energy into the pumping lamp would be about 1.6

joules per pulse. If the laser were operated at 50 pulses per

[T YUV GV SRV S

second, the average lamp power would be about 80 w, It should there-
fore be pessible to design a small compact laser head and power
supply to satisfy these requirements. The estimated crystal size
quoted above is close to that used by Nelson and Bouyle 16 to produce
a continuous ruby laser. So far ruby laser design has mainly been
aimed at producing more powerful and efficient lasers. The design of
a low-energy lassr would provide an initeresting departure from this

trend.
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